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1. History of Usher syndrome 
 Usher syndrome is the most common cause of deaf-blindness in man. The loss of 
vision is caused by retinitis pigmentosa (RP). The term retinitis suggests a retinal inflamation, 
which is not the case in RP. Pigmentosa refers to dark pigmentary intraretinal deposits, also 
known as bone-spicules, that result from the release of pigment by degenerating cells in the 
retinal pigment epithelium (RPE). The combination of deafness and RP was first noticed by 
the German ophthalmologist Alfred Graefe for three patients. As these patients were relatives, 
he suspected a hereditary defect. These three cases were first described in 1858 by Graefe’s 
uncle, Albrecht von Graefe 
170
. Von Graefe’s assistant, the German ophthalmologist Richard 
Liebreich,  performed systematic examinations on 341 hearing impaired inhabitants of Berlin 
and found that the prevalence of RP within this group was high, and even higher in 
consanguineous Jewish families 
97
. At about the same time, Gregor Johann Mendel published 
his Mendelian Laws of Genetics in which he proposed the principles of heredity and 
introduced the concepts of dominantly and recessively inherited traits 
110
. However, his work 
only got appreciated around 1900. Arthur Hartmann, a German otologist, again stressed a 
(recessive) inheritance pattern for the combination of deafness and RP in 1880 
60
. The first 
descriptions of combined deaf-blindness in the Dutch population were by De Wilde in 1919 
40
. The syndrome was finally named after the Scottish ophthalmologist Charles Howard Usher 
in 1935, 77 years after the first description 
166
. This was surprising because he only briefly 
mentioned some degree of hearing impairment in a cohort of 69 RP patients in his Bowman 
Lecture. 
 Already in 1922, even before the syndrome got its final name, the English human 
geneticist Julia Bell reported differences in the degree of hearing impairment between 
different cases 
17
, thereby stressing the clinical heterogeneity of the syndrome. She divided 
the patients in two different groups, one of which was characterized by profound deafness and 
the other with moderate to severe hearing impairment. These findings served as the basis for 
the classification of Usher syndrome as described by Davenport and Omenn in 1977 
39
. In 
1994, Smith and colleagues finally classified the syndrome in three different types based on 
the progression, severity and age of onset of the symptoms 
155
. 
 Only in 1995, almost 140 years after the first description of Usher syndrome, the first 
causative gene was identified 
173
. Even to date, the genetic causes of Usher syndrome have 
not been completely unravelled. 
 
2. The ear 
The ear is the organ that captures sound waves and converts them into electrical 
signals that lead to the perception of sound in the brain. Three parts of the ear can be 
distinguished: the outer ear, the middle ear and the inner ear. The outer ear is composed of the 
pinna and the ear canal, which capture the sound waves and transport them to the tympanic 
membrane (ear drum). This membrane separates the outer ear from the middle ear. The 
middle ear contains three auditory ossicles: the malleus, the incus and the stapes, which 
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connect the tympanic membrane and the oval window. Sound waves are transmitted via the 
ossicles to the scala vestibuli in the inner ear by movements of the stapes footplate in the oval 
window. The middle ear also opens into the Eustachian tube, resulting in an equal pressure in 
the middle ear and the atmosphere. The inner ear consists of a labyrinth of ducts which are 
situated in the hardest bone of the human body, the temporal bone. These ducts contain ion-
rich fluids that move in response to sound waves and movements of the head. The inner ear 
can be divided in the hearing organ, the cochlea, and the balance organ, the vestibulum. The 
latter consists of semicircular canals, and the otolith organs (the utricle and saccule) (Figure 
1). 
 
Figure 1. Schematic illustration of the outer, middle and inner ear (adapted with permission from thesis M.W.J. 
Luijendijk). 
 
2.1 Development and structure of the cochlea 
During embryonic development the inner ear is formed from a thickened sheet of 
ectoderm, called the otic placode, present at both sides of the hindbrain 
82,151
. This placode 
invaginates and closes to form the otic vesicle (otocyst) 
14
. Multiple rounds of cell division, 
rearrangements, differentiation and apoptotic events eventually lead to the formation of the 
mature cochlea and vestibular system 
103,151
. The cochlea is spiralling around a cartilaginous 
structure, the modiolus, and is divided into three parallel ducts: the scala vestibuli and the 
scala tympani, which are filled with perilymph, and the scala media, which is filled with 
endolymph. Perilymph is a fluid rich in Na
+
 and low in K
+
, whereas endolymph is a fluid rich 
in K
+
 and low in Na
+
. The middle duct, the scala media, is separated from the scala vestibuli 
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by Reissner’s membrane and from the scala tympani by the basilar membrane. The scala 
tympani and scala vestibuli are connected at the apex of the cochlea via a narrow opening, the 
helicotrema. 
 
 
Figure 2. The cochlea and the organ of Corti (adapted with permission from thesis M.W.J. Luijendijk). 
 
Within the scala media, the actual sensory epithelium is located in the organ of Corti, 
which is located on top of the basilar membrane (Figure 2). This epithelium consists of one 
row of inner hair cells, three rows of outer hair cell and supporting cells (Figures 2 and 3A). 
Both hair cells and supporting cells originate from common progenitors. In the developing 
sensory epithelium, hair cells and supporting cells develop next to each other by a process 
called lateral inhibition. In this process, a few scattered progenitor cells become hair cells and 
all neighbouring cells are subsequently inhibited to become hair cells. Instead, these cells 
become supporting cells. Lateral inhibition is generally mediated by the Notch signalling 
pathway 
1,45,91,185
. Several types of supporting cells can be distinguished, which all fulfill a 
role in mechanical and metabolic support.  
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The human cochlea contains approximately 16,000 hair cells that convert mechanical 
stimuli into electrical signals. At the apical part of the hair cells, 10 to 50 actin based 
protrusions are present, the stereocilia, which are anchored in the cuticular plate. Stereocilia 
are connected by fibrous links that are analogous to the links between the connecting cilium 
and periciliary region of the photoreceptor cells. Stereocilia are typically arranged in a “V” 
shaped staircase-like pattern (Figure 3A). During development of the hair bundle, a true 
microtubule-based cilium, the kinocilium, is located at the vertex of the V-shape. This cilium, 
which is connected to the largest stereocilia by fibrous links, defines the orientation of the hair 
bundle and regresses at the end of hair bundle development in mammals which in mouse is 
approximately 15 days after birth. The tips of the stereocilia are embedded in a gelatinous 
structure, the tectorial membrane, which is anchored at the spiral limbus. At the base of hair 
cells the highly organized ribbon synapses are found, which connect the hair cells to the 
dendritic endings of the afferent fibres of the cochlear nerve (Figure 3B). 
 
 
Figure 3. Scanning electron microscopy picture of a vertebrate organ of Corti, showing one row of inner hair 
cells (IHC) and three rows of outer hair cells (OHC). Outer hair cell hair bundles are arranged in a “V” shaped 
pattern (A).  Schematic representation of an inner ear hair cell (adapted from Kremer et al., 2006 
88
) (B). 
 
Finally, along the lateral wall of the scala media, the stria vascularis is located on top 
of the spiral ligament (Figure 2). The stria vascularis is composed of three types of cells: the 
marginal cells, the intermediate cells and the basal cells which play a role in establishing and 
maintaining the high potassium concentration in the endolymph and thereby the endocochlear 
potential. 
 
2.2 Sound perception 
  When sound waves are transmitted via the oval window to the inner ear, the basilar 
membrane starts to move in a vertical direction. This movement results in the deflection of 
hair cell stereocilia, that are embedded in the motile tectorial membrane. As a consequence, 
cation channels in the tip region of the stereocilia are mechanically opened, leading to an 
influx of potassium and calcium ions from the endolymph. This influx leads to the 
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depolarisation, and consequently to the opening of voltage-gated calcium channels in the 
basolateral wall of the hair cells. The subsequent calcium influx causes the release of 
neurotransmitter at the synaptic base of the cell onto the auditory nerve endings. The signal is 
then transmitted via the cochlear nerve to the brain where it is further processed. Potassium 
ions are recycled via a mechanism of gap-junctions and pumps, through the supporting cells 
and stria vascularis back to the endolymph. The efflux of potassium ions from the hair cells 
prevents the cytotoxic accumulation of these ions in the cells and contributes to maintaining 
the correct potassium concentration in the endolymph. Potassium efflux eventually leads to 
the repolarisation of hair cells. 
 Two important aspects in the detection of sound are volume and pitch. An increase in 
the volume of sound leads to a higher amplitude of the sound wave. As a consequence, the 
stereocilia are bended further leading to a greater action potential. Pitch is expressed as the 
frequency of sound waves, and is usually expressed in Hertz (Hz). In general, healthy young 
people can detect sounds at frequencies ranging from 20-20,000 Hz. Sound of different 
frequencies can be distinguished because of the differences in shape of the basilar membrane 
from base to apex. The proximal end near the oval window is relatively narrow and stiff, 
whereas the tip is wider and more flexible. High frequency sounds affect a more basal portion 
of the cochlea, and sounds with low frequencies affect the apical part of the cochlea. Hair 
cells in the region vibrating most vigorously at a certain frequency send the most signals 
along the auditory nerve.  
 
2.3 Vestibular system 
The vestibular apparatus is the balance organ in the inner ear. The saccule and utricule 
are specialized to respond to linear acceleration and static positions of the head, whereas the 
semicircular canals respond to rotational movements of the head. The sensory epithelium of 
the cochlea, the maculae of the saccule and utricule and the cristae ampullares of the 
semicircular canals show remarkable similarities. All three types of epithelia contain hair cells 
with protruding stereocilia that deflect upon a stimulus, resulting in depolarisation of the cell. 
The clusters of hair cells in the saccule and utricle project into the gelatinous otolith 
membrane in which the otoconia (ear stones) are embedded. These calcium carbonate crystals 
ballast the otolith membrane, making it heavier than the surrounding endolymph. Gravity 
pulls the membrane downwards to the stereocilia on top of the hair cells. When the position of 
the head changes, the force on the hair cells changes which leads to the bending of stereocilia 
and a subsequent decrease or increase of neurotransmitter release towards the vestibular nerve 
endings. These impulses are interpreted by the brain to determine the position of the head. 
The sensory cells of the semicircular canals contain approximately 50 stereocilia and a 
kinocilium, which are embedded in the gelatinous cupula. Movement of the head results in the 
flow of endolymph in the semicircular canals eventually leading to bending of the stereocilia. 
The resulting de- or repolarisation again leads to a change in the release of neurotransmitter 
onto the vestibular nerve. Signals derived from the vestibular system are integrated with 
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signals from the eyes, muscles, joints and skin to elicit reflexes that maintain the normal 
orientation of the head. 
 
3. The eye 
The eyes are sensory organs through which we appreciate the world around us. They 
are also involved in mediating the circadian rhythm entrainment. Light enters the eye through 
the cornea and the pupil, and is refracted by the cornea and the lens. Subsequently, the light 
bundle crosses the vitreous and is projected at the retina, which is an approximately 0.4 mm 
thick layer that covers the back of the eye (Figure 4). The photoreceptor cells are the light-
sensitive cells within the retina which convert light into electrical signals that are transmitted 
via the interneuronal cells to the optic nerve, finally reaching the brain. In the cone-
photoreceptor dominated fovea in humans, the interneuronal cells are shifted aside enabling 
light to directly reach the photoreceptor cells, whereas at other parts of the retina light has to 
travel through all neuronal cell layers before reaching the photoreceptors. 
 
3.1 Development and structure of the retina 
The retina develops from the neural tube. Optic vesicles arise at both sides of the 
neural tube, and fold back on themselves to form the optic cup. The outer layer stays 
monocellular and differentiates into the retinal pigment epithelium (RPE). The inner layer of 
the optic cup develops into the sensory epithelium, consisting of the different cell types of the 
retina (Figure 5). These are formed in a highly organized process of several rounds of cell 
division and cell migration. Different cell types are formed at different time points during this 
process. Ganglion cells are the first cells to differentiate, followed by the amacrine neurons, 
horizontal cells and cone photoreceptor cells. Subsequently, rod photoreceptor cells and 
bipolar cells are formed, and finally, Müller glial cells arise. 
 
Figure 4. Anatomy of the human eye (adapted from: http://webvision.med.utah.edu/index.html). 
 
Photoreceptor cells are the light-sensitive cells of the retina and evoke an electrical 
pulse upon a light stimulus. Two types of photoreceptor cells can be distinguished: cones and 
rods. The human retina contains approximately 6.4 million cones and 110-125 million rods. 
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Cones are conically-shaped cells that are responsible for colour vision and enable us to see 
during daytime. Three different types of cones are known. The first type responds most to 
light of long wavelengths (564–580 nm), with a peak in the yellow region of the spectrum. 
This type is designated L for long. The second type responds most to light of medium-
wavelength (534–545 nm), peaking at the green region of the spectrum, and is named M, an 
abbreviation for medium. The third type is most sensitive to light with a short-wavelength 
(420–440 nm), with a peak at the violet region, and is designated S for short 56. 
Rods are cylindrically-shaped cells that enable us to see during night. Rods contain 
more visual pigment than cones, and multiple rods are connected to a single bipolar cell. 
Therefore, rods are able to amplify light signals much stronger in dim light conditions 
76
. In 
both rods and cones the actual phototransduction takes place in the outer segments. These 
outer segments are built up by stacks of discs containing visual pigment. Cone outer segments 
differ from rod outer segments in several respects. They are shorter and have a more conical 
shape compared with those of rods. Also, their discs are connected to the plasma membrane 
throughout the extent of the outer segment, whereas rod outer segments contain discrete discs. 
Outer segment discs are continuously renewed from the base of the outer segment and shed 
from the apical part, where they are phagocytosed by the RPE. The outer segment is separated 
from the inner segment by the connecting cilium. The outer segment is regarded to be a 
highly specialized primary cilium with the connecting cilium as the ciliary transition zone. 
Proteins involved in outer segment formation and function, such as proteins needed for the 
visual cascade, are synthesized in the inner segment and actively transported through this 
connecting cilium to the outer segment. The connecting cilium is surrounded by the actin-rich 
periciliary region, which is an extension of the apical part of the inner segment. The 
connecting cilium and periciliary region are connected via fibrous links. At the base of the 
photoreceptor cells the highly specialized ribbon synapses are found, that connect the 
photoreceptors and the dendrites of the interneuronal cells (Figure 6). 
 
 
Figure 5. Cellular structure of the retina (adapted from: http://webvision.med.utah.edu/index.html). 
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The interneuronal cells, consisting of bipolar, amacrine and horizontal cells, connect 
the photoreceptor cells and the ganglion cells. They combine and transmit signals derived 
from photoreceptor cells in such way that the eventual signals evoked in ganglion cells are a 
correct representation of the light stimuli that are picked up from our surroundings.   
Müller cells are radial cells that are present throughout the entire retina, thereby 
contacting all retinal cell types at adherence junctions. They function in the recycling of 
photopigments that are released by cone photoreceptor cells 
104,116
, in maintaining 
homeostasis of the retinal extracellular environment 
30
, and in providing neurons with 
nutrients and removal of their waste products 
164
. 
 
Figure 6. Schematic representation of rod and cone photoreceptor cells (adapted from Kremer et al., 2006 
88
). 
 
3.2 The visual cycle 
The outer segments of rod photoreceptor cells contain rhodopsin, which is composed 
of a seven-transmembrane G-protein coupled receptor named opsin and a light-sensitive 
chromophore that is derived from vitamin A, 11-cis-retinal. Both components are covalently 
bound. When light reaches the photoreceptor cells, 11-cis-retinal is converted to 11-trans-
retinal leading to a conformational change of the rhodopsin molecule. As a result of this 
conformational change, G-protein binding sites are exposed on the rhodopsin surface, 
allowing it to bind the G-protein transducin. Each photoactivated rhodopsin molecule is able 
to  bind and thereby activate several hundreds of transducin molecules. The alpha-subunit of 
transducin then activates cGMP phosphodiesterase (PDE), which on its turn hydrolyzes 
cGMP. The resulting decrease in amount of cGMP leads to the closure of cGMP-gated Na
+
 
and Ca
2+
 channels at the outer segment surface. Influx of cations is prevented, leading to the 
hyperpolarization of the photoreceptor cell membrane and the subsequent release of 
neurotransmitter at the synaptic terminal of the photoreceptor cell onto the dendritic ends of 
the interneuronal cells. 
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 Inactivation of the visual cascade starts after the phosphorylation of rhodopsin by 
rhodopsin kinase, resulting in the interaction of rhodopsin and arrestin. Binding of arrestin 
prevents the interaction of rhodopsin with transducin, leading to a decrease in PDE activity 
and a subsequent increase in intracellular cGMP concentration. Consequently, the cGMP-
gated channels re-open. 
 Binding of arrestin to rhodopsin leads to the dissociation of all-trans-retinal, which is 
then reduced to all-trans-retinol and subsequently transported to the RPE. At the RPE, 11-
trans-retinol is isomerized to 11-cis-retinol and oxidized to 11-cis-retinal. The latter is 
returned to the photoreceptor outer segment where it binds again to opsin, thereby 
regenerating the visual pigment and completing the visual cycle.  
 
4. Clinical types and evaluation of the Usher syndrome 
The current classification of Usher syndrome into three clinical types is summarized in 
Table 1. For each type, there are at least two genetic subtypes. The final clinical classification 
155
 has been modified after the initial classification by Davenport and Omenn 
39
. The three 
clinical types of Usher syndrome are distinguished based on the severity and progression of 
the hearing impairment, the absence or presence of vestibular dysfunction and the age of 
diagnosis of RP. Reduced fertility has been described as a minor symptom of Usher 
syndrome, which might be due to lowered sperm motility as a result of abnormal structure of 
the sperm cilium 
67
. In addition, the association of Usher syndrome type I with bronchiectasis, 
chronic sinusitis, and reduced nasal mucociliary clearance was reported in two brothers which 
suggested that Usher syndrome type I may be a ciliary disorder 
26
. Magnetic resonance 
imaging (MRI) studies of patients with Usher syndrome type I and II revealed a significant 
decrease in intracranial volume and in size of the brain with a trend towards an increased size 
of the subarachnoid spaces 
148
. 
Table 1. The clinical classification of Usher syndrome, as described by Smith et al. 
155
. 
 Hearing impairment Visual impairment Vestibular function 
Usher syndrome type I Severe to profound, 
congenital  
Onset of RP before 
puberty 
Vestibular areflexia 
Usher syndrome type II Moderate to severe, 
congenital 
Onset of RP after 
puberty 
Normal/variable 
Usher syndrome type III Progressive, variable 
onset 
Variable age of onset 
of RP 
Variable 
 
4.1 Usher syndrome type I 
4.1.1 Hearing and vestibular impairment 
Usher syndrome type I (USH1) is the most severe form of Usher syndrome 
characterized by stable congenital severe to profound hearing impairment with only residual 
hearing at low frequencies (Figure 7) 
89,171
. In addition, USH1 is characterized by the absence 
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of vestibular function 
89
. Due to this vestibular areflexia, a delayed motor development is 
often seen in children with USH1. Most of them can not sit without support at six months of 
age and are not able to walk independently before the age of 18 months 
114,155
. Delayed motor 
milestones were considered as a robust clinical feature of USH1. In 2001, however, 
Otterstedde and co-workers proposed a new classification for USH1 
123
. In their study, nine 
out of 26 profoundly deaf clinically diagnosed USH1 patients showed normal vestibular 
responses to caloric stimulation. Since genetic testing was not performed in these patients, it 
cannot be excluded that these patients do not have USH1. Some atypical forms of USH1 have 
been reported, which present with stable or progressive moderate to severe hearing 
impairment and/or normal motor milestones 
15,27,101
. 
 
 
Figure 7. Age-related typical audiograms (ARTA) for USH1, USH2, and USH3 
134,171
.  
 
4.1.2 Visual impairment 
The visual impairment in Usher syndrome patients is caused by RP. The first sign of 
RP is often night blindness, followed by mid-peripheral retinal dystrophy, initially affecting 
the rod photoreceptors, and resulting in “tunnel vision”. In USH1 the onset of night blindness 
usually occurs during the first decade of life and RP is diagnosed by the middle of the second 
decade. However, some patients with atypical USH1 exhibit a slowly progressive RP with a 
diagnosis at later age 
66,89,114,130,165
 or show very mild signs of RP 
25,75,184
. Anomalies of light-
evoked electrical response of the retina can be detected around the age of 2 to 3 years by 
electroretinography (ERG), even before the onset of signs or symptoms of the disorder. 
Fundus anomalies develop later in life 
132, and include “pigmented” bone spicules around the 
mid-periphery of the retina, which extend both inward and outward, and narrowed blood 
vessels. A study by Fishman and coworkers showed that foveal lesions are more prevalent in 
USH1 as compared to USH2 
50
. Finally, high frequencies of posterior subcapsular cataracts 
are observed in all three classes of Usher syndrome 
16,64,119,165
. 
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4.2 Usher syndrome type II 
4.2.1 Hearing and vestibular impairment 
Usher syndrome type II (USH2) is characterized by stationary moderate to severe 
prelingual hearing loss (Figure 7). However, in patients with atypical USH2 slightly 
progressive hearing loss (0.5-1.0 db/year) is also observed, which in the lower frequencies 
exceeds presbyacusis 
129,131,167,171
. In general, no vestibular anomalies are observed, however, 
caloric tests showed disturbed vestibular responses in certain percentages of USH2 patients 
59,68
.  
 
4.2.2 Visual impairment 
The onset of RP with night blindness, visual acuity loss and visual field reduction is 
generally 6-8 years later in USH2 as compared to USH1 and thus in the second decade of life. 
However, the onset of the visual symptoms can vary considerably in both USH1 and USH2, 
resulting in a significant overlap 
66,69,89,114,130
. It has even been postulated that the earlier 
diagnosis of RP in USH1 patients compared to USH2 patients relates to the fact that USH1 
patients, because of their profound deafness in combination with vestibular dysfunction, 
depend more on their vision for their orientation. The progression of RP was described to be 
similar for USH1 and USH2 between the age of 17-49 years, however, the progression of 
visual impairment within and between USH2 families tends to have a greater variability than 
with USH1 patients 
130,171
. Also, a nationwide study in Sweden has shown that the 
deterioration rate of visual acuity and visual field loss is somewhat larger in USH1 than in 
USH2 
144
. Differences in visual performance were not apparent in the 4
th
 and 5
th
 decade, but 
in the 7
th
 decade a much more severe loss of visual acuity and visual field was seen in USH1 
as compared to USH2. Foveal lesions are also observed, but are less common in USH2 than in 
USH1 
50
. 
 
4.3 Usher syndrome type III 
4.3.1 Hearing and vestibular impairment 
Patients with Usher syndrome type III (USH3) present with an onset of progressive 
hearing loss mainly in the first and second decade of life. Rapid progression in the first two 
decades (> 25 dB per decade) is followed by a period of relative stability 
126,134,145
. During 
middle age, the progression may restart although at slower rates (10 dB per decade). Severe to 
profound levels of hearing impairment are usually reached around the fourth or fifth decade 
145
. Vestibular function in USH3 patients varies from normal to mildly reduced. Complete 
absence of vestibular function is rarely observed 
66,77,126
. So far, it is not clear whether 
vestibular symptoms progress. 
 
4.3.2 Visual impairment 
The age of onset of night blindness in USH3 shows large overlap with USH2, and is 
usually around 10-15 years 
58
. The diagnosis of RP in a Finnish USH3 cohort ranges from 3 to 
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51 years (mean age of 17). Within this cohort, both visual field and visual acuity reaches the 
minimal level around the age of 40 
127
. The progression of the visual loss is not different from 
USH1 and USH2 
135,165
. Usually, the visual function deterioration in USH3 occurs after the 
auditory deterioration 
135
, however, Grøndahl reported that 38% of his clinically diagnosed 
USH3 patients developed visual symptoms before the auditory symptoms 
58
. 
 
5. Prevalence of Usher syndrome 
Numbers on the prevalence of Usher syndrome are based on studies in a few countries 
or regions. Estimates on the prevalence of Usher syndrome range from 3.2 to 6.2 per 100,000, 
with a variable distribution between Usher types I, II, and III in different populations. Based 
on a Valencian cohort the prevalence of Usher syndrome in Spain is estimated to be 
approximately 4.2 per 100,000. The contribution of USH1, USH2, USH3, and atypical Usher 
syndrome in this cohort is 41.6%, 46.1%, 1.7%, and 10.6%, respectively 
13,48
. USH3 seems to 
be underrepresented in the Valencian cohort as the total percentage of USH3 in Spain is 
estimated to be around 6% 
13
. A study in the USA estimated a prevalence of Usher syndrome 
of 4.4 per 100,000 in the general population 
29
, with a predicted USH3 prevalence of 1.2 per 
100,000 in the Ashkenazi Jewish population from the New York area 
118
. In Denmark the 
prevalence of Usher syndrome is estimated to be 5 per 100,000 with a slight 
overrepresentation of USH2 
142
. The estimated prevalence of Usher syndrome in Germany 
and Birmingham (UK) is 6.2 per 100,000 
66,158
. The distribution between the different types, 
however, is different. In Germany the distribution between USH1 and USH2 has been 
estimated to be 18% and 82%, respectively, whereas no evidence for the presence of USH3 
was found 
158
. In the Birmingham population 33% of the Usher patients were classified as 
USH1, 47% as USH2 and 20% as USH3 
66
. A Columbian study showed a prevalence of 3.2 
per 100,000, of which the vast majority (69.6%) is characterized as USH1 
161
. This high 
percentage is likely biased as it is based on a study among profound deaf children. In a 
Norwegian study the prevalence was estimated to be 3.6 per 100,000 
58
. Both RP and Usher 
syndrome are more prevalent in Laps as compared to other Norwegian populations. The 
contributions of USH1, USH2, and USH3 within this study were 50%, 35.7% and 14.3% 
respectively, based on 28 patients from 18 different families 
59
. Usher syndrome prevalence in 
the Finnish population is estimated at 3.5 per 100,000 
121
. The distribution of the different 
classes is remarkably different from the rest of the world. USH3, which is the least prominent 
form worldwide, is the most prevalent form in Finland and accounts for 40% of all cases 
126
.  
 
6. Genes and proteins involved in Usher syndrome 
Usher syndrome has an autosomal recessive pattern of inheritance and is not only 
clinically but also genetically heterogeneous. So far, seven loci for USH1, three for USH2 and 
two loci for USH3 have been identified (Table 2).  
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Table 2. Subtypes of Usher syndrome and associated genes and proteins, with the corresponding mouse models. 
USH 
subtype 
Location Gene Protein Mouse model 
USH1b 11q13.5 MYO7A myosin VIIa Shaker-1 (sh-1) 
USH1c 11p15.1 USH1C harmonin Deaf circler (dfcr), deaf circler 2 Jackson (dfcr-2J) 
USH1d 10q22.1 CDH23 cadherin 23 Waltzer (v) 
USH1e 21q21 unknown   
USH1f 10q21.1 PCDH15 protocadherin 15 Ames waltzer (av) 
USH1g 17q25.1 USH1G SANS Jackson shaker (js) 
USH1h 15q22-23 unknown   
USH2a 1q41 USH2A USH2A Ush2a
-/-
 
USH2c 5q14.3 GPR98 GPR98 Ush2c
-/-
, Vlgr1del7TM, Frings 
USH2d 9q32 DFNB31 whirlin Whirler (wi) 
USH3a 3q25.1 USH3A Clarin-1  
USH3b 20q unknown   
Note: The formerly described USH1a and USH2b loci have recently been withdrawn. 
 
6.1      Loci, genes and proteins involved in USH1 
6.1.1 USH1b/MYO7A (myosin VIIA)  
In 1992, the USH1b locus on chromosome 11q13.5 was identified by linkage analysis 
83
. Mutation analysis of the MYO7A gene eventually revealed pathogenic mutations in five 
unrelated USH1b families 
173
. The identification of the gene was facilitated by the study of the 
shaker-1 (sh-1) mouse mutant. The murine chromosomal region containing the defective 
Myo7a gene, causing the sh-1 phenotype, and the region defined for the USH1b locus were 
syntenic 
31,53
. The sh-1 mutant exhibits a rapidly progressive hearing loss due to a 
degenerative organ of Corti, and head-tossing, circling behaviour and hyperactivity due to 
vestibular dysfunction. No degenerative retinal phenotype was reported, but electroretinogram 
(ERG) recordings showed significantly reduced a- and b-wave amplitudes 
96
. Therefore, the 
sh-1 mutant was considered to be the mouse model for USH1b. 
The human MYO7A gene consists of 48 coding exons, which are subjective to 
alternative splicing. However, only one protein isoform has been identified to date which 
consists of 2215 amino acids (254 kDa) predicted to form a highly conserved motor head 
domain, followed by a neck region and a tail region (Figure 8A). The latter differs greatly 
between myosins. Myosins are motor proteins which move along actin filaments. The energy 
required for this movement is generated by hydrolysis of ATP. The head domain contains 
both the ATP- and actin-binding sites. The neck region consists of five IQ (isoleucine-
glutamine) motifs which are involved in calmodulin binding. The tail of myosin VIIa is 
composed of a coiled-coil domain, which is likely to be involved in homodimerization, 
followed by a tandem repeat of a myosin tail homology 4 (MyTH4) domain and a 4.1, ezrin, 
radixin, moesin (FERM) domain. The function of the MyTH4 domain is unknown, whereas 
the FERM domain is hypothesized to be involved in membrane-binding. The two repeats are 
separated by a src homology 3 (SH3) domain, which is known to interact with proline-rich 
protein domains. 
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In the murine retina, myosin VIIa is detected in the apical processes of RPE cells, 
where it plays a role in transport of melanosomes and other organelles 
52,87
. In photoreceptor 
cells, myosin VIIa is present at the periphery of the connecting cilium and in the synaptic 
region 
46,62,177
. In the mammalian cochlea, myosin VIIa is restricted to the inner and outer hair 
cells. It is present in the cell body and along the kinocilium and stereocilia 
46,62,175
. The 
strongest immunoreactivity was detected at the pericuticular necklace, which is characterized 
by the presence of a large pool of coated vesicles 
74
. In frogs, myosin VIIa was found to be 
present at the base of the stereocilia, at the exact location of the ankle links 
61
. 
The function of myosin VIIa has been extensively studied in several animal models. 
Mutations in the zebrafish ortholog of MYO7A are causative for the defects observed in the 
zebrafish mariner mutant 
47,120
. In zebrafish larvae, Myo7a is exclusively expressed in the 
sensory cells of the otic vesicle and in the neuromast cells of the lateral line 
47
. Both sh-1 mice 
and mariner larvae present with splayed stereocilia bundles, suggesting that myosin VIIa is 
crucial for hair bundle integrity. It has further been suggested that myosin VIIa may be 
important for endocytosis at the apical end of the sensory hair cell in zebrafish and mouse 
47
. 
Analogous to the described sh-1 mouse model and the mariner zebrafish model for USH1b, 
mutations in the Drosophila homolog of MYO7A, the crinkled gene, disrupt the proper 
dendritic cap morphology of the auditory organ, the Johnston’s organ 163.   
 
6.1.2 USH1c/USH1C (harmonin) 
Linkage analysis in a consanguineous Lebanese family 
147
 and in an Acadian family 
from Louisiana 
156
 led to the identification of a novel USH1 locus on chromosome 11p14.3. 
The USH1c locus overlapped with the locus for autosomal recessive hearing loss, DFNB18 
70
 
suggesting that mutations in one gene could underlie both disorders. Analysis of a murine 
subtractive hybridisation library of inner ear sensory areas revealed a candidate gene, later 
annotated as USH1C, which was mutated or deleted in the described families 
23,169
. 
Hypomorphic USH1C alleles 
9
 and mutations in one of the eight ear-specific exons 
124
 were 
associated with the phenotype observed in families linked to the DFNB18 locus.  
Transcripts of the USH1C gene undergo extensive alternative splicing. At least eight 
different transcripts were identified in the murine inner ear and the encoding proteins could be 
divided into three different classes (A-C) (Figure 8B) 
169
. Class A isoforms contain three 
PDZ domains and one coiled-coil domain. Both PDZ domains and coiled-coil domains are 
predicted to be involved in protein-protein interactions. In addition to the domains present in 
class A isoforms, class B isoforms contain an additional coiled-coil region and a proline-
serine-threonine rich region (PST-region). Proline-rich regions are able to bind SH3, WW and 
EVH1 domains and the actin-regulatory protein profilin 
159
. Class C isoforms only contain the 
first two PDZ domains and one coiled-coil domain. 
Several mouse models for USH1c/DFNB18 have been studied. Mutations in one of the 
constitutive exons and in one of the inner ear-specific exons of the murine Ush1c gene are the 
underlying defect in two spontaneous mouse mutants, deaf circler (dfcr) and deaf circler 2 
General introduction 
 
 25 
Jackson (dfcr-2J), respectively 
72
. Both mutants present with congenital deafness and severe 
balance deficits due to inner ear dysfunction. These phenotypes result from severely 
disorganized and splayed stereocilia bundles and the degeneration of hair cells and spiral 
ganglion cells. No obvious retinal phenotype was observed for either mutant, however, the 
dfcr-2J mutant shows a slight degeneration of the peripheral retina at the age of nine months 
72
. In addition, an Ush1c knock-in mouse model (Ush1c216A) was generated. This model 
represents the common c.216G>A splice-site mutation in the Acadian population 
92,93
. 
Homozygous Ush1c216A mice are hyperactive, display circling and head tossing behaviour, 
and lack a Preyer reflex at the age of post-natal days 21–25 92. 
Different harmonin isoforms are observed in the synapses and both inner and outer 
segments of photoreceptor cells 
139
 and in synapses and stereocilia of hair cells (Chapter 3) 
169
. Based on these subcellular localizations, it is hypothesized that the harmonin isoforms 
play a scaffolding role by assembling protein networks at hair cell stereocilia and 
photoreceptor cell synapses and in clustering of outer segment proteins in the photoreceptor 
cell 
24,139
.  
 
6.1.3 USH1d/CDH23 (cadherin 23) 
Homozygosity mapping in a Pakistani family led to the identification of a 15-cM 
linkage interval on chromosome 10q22-q23 
172
. Chaib and coworkers identified a partially 
overlapping chromosomal region involved in non-syndromic autosomal recessive deafness, 
DFNB12 
34
. The deaf mouse mutant waltzer (v) was proposed to be the mouse model for both 
USH1d and DFNB12, even though these mice did not show any obvious retinal anomalies 
43
. 
ERG recordings, however, showed similar defects in both a- and b-wave amplitudes as were 
reported for the sh-1 mouse mutant, indicating abnormal retinal function 
95,96
. The gene 
mutated in USH1d, DFNB12 and v was cloned independently by two groups 
25,28
. This gene, 
CDH23/Cdh23, consists of 69 coding exons and extensive alternative splicing occurs 
90
. 
 The longest isoform, isoform A, consists of 3354 amino acids which are predicted to 
form 27 extracellular cadherin (EC) repeats, a single-pass transmembrane domain and an 
intracellular region consisting of 268 (+ exon 68) or 233 (- exon 68) amino acids. The 
intracellular region contains a C-terminal PDZ type I-binding motif, which was shown to 
interact with the second PDZ domain of harmonin 
3,24,152
. In addition, an internal PDZ-
binding motif was identified in the intracellular region of CDH23 (-exon 68) 
152
. The EC 
domains possess the characteristic Ca
2+
-binding motifs of cadherins and are involved in the 
calcium-dependent interaction between cadherins, which mediates cell-cell adhesion 
125,160
. 
The start codon for isoform B is located in exon 46a and isoform B is predicted to contain 
seven EC domains, a transmembrane domain and an intracellular region with or without the 
amino acid sequence encoded by exon 68. The start codon for isoform C is located in exon 
65a and this isoform consists of the intracellular region with or without the region encoded by 
exon 68, but contains neither EC domains nor a transmembrane domain (Figure 8C) 
90
. 
CDH23 is an atypical member of the cadherin superfamily. Classical cadherins contain five 
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external EC domains and an intracellular α-catenin and β-catenin binding domain, which 
indirectly couple cadherins to the actin cytoskeleton 
138
. The cytoplasmic tail of CDH23 lacks 
the consensus binding sites for β-catenin 8,24,28,152. 
Immunolocalization in the inner ear shows the presence of CDH23 isoforms at the hair 
cell centrosomes 
90
, at the cuticular plate 
24
, in the region of the tip link 
78,153
 and along the 
length of the stereocilia and the kinocilium, with an enrichment in the regions that may 
contain the stereocilia–kinocilium links 90,153. It has been hypothesized that CDH23 is a 
component of the tip link between two adjacent stereocilia and of the links between the 
stereocilia and kinocilium. This hypothesis is strengthened by the absence of tip links 
observed in the zebrafish cdh23 mutants sputnik 
157
. In the retina, CDH23 is localized in the 
inner segment, the connecting cilium and the basal body complex, as well as in the synaptic 
region of photoreceptor cells 
98,139
. It is postulated that the transmembrane isoforms of 
CDH23 mediate cell-cell adhesions between inner segments of neighboring photoreceptor 
cells, and between pre- and post-synaptic membranes of photoreceptor cells and second order 
retinal neurons 
32,138
. Analogous to the tip links between stereocilia of hair cells, links 
between the connecting cilium and adjacent periciliary region might be constituted by CHD23 
molecules 
55
. 
 
6.1.4 USH1e 
The USH1e locus was the fifth USH1 locus identified by linkage analysis, in a 
consanguineous Moroccan family. The linkage interval is delimited to a 15-cM region on 
chromosome 21q21 
33
, containing 48 known genes. To date, the gene mutated in USH1e has 
not yet been identified. Analysis of the USH1e linkage interval reveals putative candidate 
genes, like JAM2 and NCAM2. 
JAM2, a cell surface junction adhesion molecule with a C-terminal PDZ type II-
binding motif 
36
, has been shown to play an important role in the assembly and maintenance 
of tight junctions and in the establishment of epithelial cell polarity. In the developing retina, 
JAM2 and JAM3 were detected at the apical junctions of embryonic retinal neuroepithelia, 
suggesting a role for JAMs in retinogenesis 
38
. In the adult retina JAM2 was detected at the 
outer limiting membrane (OLM) where also other USH proteins were detected 
immunohistochemically (Chapters 4 and 5) . 
The neural cell molecule 2 (NCAM2) contains 5 immunoglobulin-like domains, 2 
fibronectin type III domains, and 1 predicted transmembrane domain. In zebrafish, the NCAM 
gene family plays distinct roles in the formation and maintenance of neuronal networks 
112
. 
 
6.1.5 USH1f/PCDH15 (protocadherin 15) 
Homozygosity mapping in two consanguineous Pakistani families 
8
, a consanguineous 
Hutterite family from Alberta and a consanguineous Indian family 
12
 revealed a region on 
chromosome 10q21-q22. The syntenic region in mouse contained the Pcdh15 gene, which 
was found to be mutated in the mutant mouse ames waltzer (av) 
8,11
. Mutation analysis of the 
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human homolog of the gene showed truncating mutations in all linked families. In addition, 
mutation analysis in a family with autosomal recessive non-syndromic hearing loss 
(DFNB23) resulted in the identification of missense mutations in PCDH15 
7
, which was 
suggestive for a genotype-phenotype correlation. Like transcripts of CDH23, PCDH15 
transcripts undergo extensive alternative splicing (Figure 8D). Four different classes of 
isoforms are encoded in mice 
6,10
. 
Isoform classes CD1, CD2 and CD3 are all composed of eleven EC domains followed 
by a transmembrane domain and an intracellular region, which differs between the isoform 
classes. All three classes contain a different C-terminal type I PDZ-binding motif with the -X-
S/T-X-L signature 
6
. Isoforms of class SI only contain ten EC domains and lack the region 
containing the transmembrane and cytoplasmic domain. These isoforms are likely to represent 
secreted isoforms of PCDH15 
143
.  
PCDH15 is expressed in mammalian photoreceptor cells, where it is detected in ribbon 
synapses and in the outer segment plasma membrane as well as in the outer segment disk 
membranes 
137
. In the inner ear the CD1, CD2 and CD3 isoforms are detected in the 
stereocilia bundles. The CD1 isoforms are excluded from the tip of the stereocilia, whereas 
the CD3 isoforms are concentrated at the tips of the stereocilia. The CD2 isoforms are 
uniformly present along the stereocilia and kinocilium 
6
. Mass spectrometry analysis of the 
avian tip link antigen (TLA), which is detected by a monoclonal antibody raised against the 
purified membrane fractions of chicken vestibular organs 
55
, revealed that PCDH15 
corresponds to the TLA 
6
. The tip link antigen, and thus very likely PCDH15, is present at the 
tip links between adjacent stereocilia and at the kinocilial links in the inner ear. In the retina it 
is associated with the photoreceptor cell periciliary region 
55
. Recently, Kazmierczak and co-
workers determined that the extracellular regions of PCDH15 and CDH23 interact and 
together are part of the tip links between sensory hair cell stereocilia 
78
. Compound 
heterozygous mutations in CDH23 and PCDH15 in both human and mouse, are suggested to 
lead to an Usher type I phenotype and this might be the first evidence for digenic inheritance 
in Usher syndrome 
182
. PCDH15 is also found at the base of the stereocilia where it interacts 
with MYO7A 
150
.  
As mentioned above, the defect underlying the av mouse mutant is a mutation in the 
Pcdh15 gene 
11
. The av phenotype is characterized by deafness and balance problems 
122
. 
Scanning electron microscopy in av showed splayed stereociliary bundles followed by 
stereocilia degeneration and eventually degeneration of the complete neuroepithelium of the 
organ of Corti 
11,122,128
. At first, the hair cell bodies and cuticular plate stay unaffected, which 
indicates a role for Pcdh15 in stereocilia development and maintenance 
11
. This hypothesis is 
supported by a study on the Drosophila melanogaster Pcdh15 homolog, Cad99C. Cad99C 
regulates the length of microvilli and loss of its function results in shorter and disorganized 
microvilli 
37
. In addition to the inner ear defects, ERG recordings show proportionally 
reduced a- and b-wave amplitudes in the av mouse. However, no histological abnormalities 
could be observed in the retinas of av mice 
63
.  
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In zebrafish, the pcdh15 gene is duplicated and the two orthologues have a different 
function 
149
. Mutant orbiter fish show vestibular defects and cannot sense acoustic stimuli 
57,120
. These defects were presumably caused by splayed hair bundles, as was also described 
for the av mouse mutant. The gene mutated in orbiter was named pcdh15a and the encoded 
protein contains eleven EC domains followed by a transmembrane domain and a cytoplasmic 
domain 
149
. Blast searches revealed a second Pcdh15 orthologue in zebrafish, pcdh15b. The 
pcdh15b protein structure differs from that of pcdh15a by having a C-terminal type I PDZ-
binding motif. Morpholino-induced knockdown of pcdh15b resulted in a reduced optokinetic 
response (OKR) and a diminished b-wave in ERG recordings. This phenotype is likely to be 
caused by improperly arranged outer segment disks. No balance problems or differences in 
acoustic response were observed after pcdh15b knockdown, whereas in orbiter no differences 
in OKR were seen 
149
. 
 
6.1.6 USH1g/USH1G (SANS) 
Genome-wide linkage analysis in a Palestinian family mapped the USH1g locus to a 
23-cM interval on chromosome 17q24-q25 
117
. This linkage interval overlapped with two loci 
for non-syndromic autosomal dominant hearing loss, DFNA20 and DFNA26 
42,79,115
. The 
gene mutated in the jackson shaker (js) mouse mutant, which presents with deafness, circling 
and head-tossing behavior, had been mapped to the murine homologues region 
86
 and could 
therefore be considered to be a candidate for USH1g, DFNA20 and DFNA26. Mutation 
analysis of the ACTG1 gene revealed pathogenic mutations in all described DFNA20 and 
DFNA26 families 
99,140,168,183
. Fine-mapping of the USH1g linkage interval in two 
consanguineous families refined the region to a 2.6-Mb interval, thereby excluding ACTG1 as 
the gene mutated in USH1g. Subsequent mutation analysis identified several missense and 
frameshift mutations in the USH1G gene, encoding the scaffold protein SANS 
174
. 
Simultaneously, frameshift mutations in the murine equivalent of USH1G were identified as 
the underlying defect in js 
81
.   
The SANS protein (461 amino acids) is predicted to consist of three ankyrin domains, 
a central region, a sterile-alpha motif and a C-terminal class I PDZ-binding motif (X-S/T-X-
L) (Figure 8E). Ankyrin domains are involved in protein-protein interactions. Sterile-alpha 
motifs (SAM) appear to mediate cell-cell initiated signal transduction via the binding of SH2-
containing proteins to a conserved tyrosine that can be phosphorylated. In many cases SAM 
motifs mediate homodimerization. SANS is a scaffold protein that can bind other proteins to 
form (a) protein complex(es). With its PDZ-binding motif, SANS is able to bind the PDZ 
domains 1 and 3 of harmonin 
3,174
 and PDZ domains 1 and 2 of whirlin 
102
. The central region 
SANS has been shown to interact with MYO7A 
3
.  
In the inner ear, SANS is localized in the apical hair cell bodies underneath the 
cuticular plate of cochlear and vestibular hair cells. In cochlear outer hair cells, this apical 
labelling of SANS is more concentrated beneath the kinocilium basal body 
3
. SANS is also 
present in the kinocilium, but not in the stereocilia. Finally, SANS is present in the region of  
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Figure 8. Schematic representation of the archictecture of the Usher type I proteins and their different isoforms. 
(A) The Usher 1b protein, myosin 7a, is composed of a motor head domain, five calmodulin-binding IQ motifs, 
two FERM domains, two MyTH4 domains and a Src homology 3 (SH3) domain. (B) Three different classes of 
isoforms of the USH1c protein, harmonin, are identified. All three isoforms consist of two PDZ (PSD95, discs 
large, ZO-1) domains (PDZ1 and 2), and one coiled-coil (CC) domain. In addition, class A isoforms contain an 
additional PDZ domain (PDZ3). The class B isoforms contain also this third PDZ domain, a second coiled-coil  
domain, and a proline, serine, threonine-rich region (PST). Isoform A1 and B4 contain a C-terminal class I PDZ-
binding motif (PBM). (C) Representation of the three different isoforms of cadherin 23 (USH1d). Isoform A is 
composed of 27 Ca
2+
-binding extracellular cadherin domains (EC1-27), a transmembrane domain (TM) and a 
short intracellular region with a C-terminal class I PBM. Isoform B is similar to isoform A, but lacks the first 21 
EC domains. Isoform C only consists of the intracellular region and C-terminal PBM. (D) Like cadherin 23, the 
non-classical cadherin protocadherin 15 (USH1f) consists of either eleven (isoform A) or one (isoform B) EC 
domain(s), a transmembrane domain and a C-terminal class I PBM. (E) The scaffold protein SANS (USH1g) 
consists of three ankyrin domains (ANK), a central region (cent), a sterile alpha motif (SAM) and a C-terminal 
class I PBM. Adapted from Kremer et al., 2006 
88
. 
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the hair cell synapses 
3
. In photoreceptor cells, SANS expression is seen in the inner segment, 
but more concentrated in the ciliary basal body and accessory centriole, the connecting cilium 
and at the synapses 
102
. 
 
6.1.7 USH1h 
Recently, a novel USH1 locus was identified in two consanguineous Pakistani 
families. Linkage analysis revealed a 4.9-cM interval on chromosome 15q22-q23. The 
USH1h locus largely overlaps the locus for non-syndromic autosomal dominant hearing loss, 
DFNA48, suggesting that mutations in the same gene could be responsible for both USH1h 
and DFNA48. So far, mutation analysis of candidate genes in the interval did not reveal any 
pathogenic mutations 
5
. 
 
6.2       Loci, genes and proteins involved in USH2 
6.2.1 USH2a/USH2A (USH2A/usherin) 
The USH2a locus was the first locus identified in six Usher type II families.  Linkage 
analysis revealed linkage to the a locus on the distal region of chromosome 1q 
84
. Further 
refinement of the linkage interval 
19,85
 eventually led to the identification of pathogenic 
mutations in the USH2A gene in patients with USH2 
49
. In 2000, a missense mutation in this 
gene (p.C759F) was identified as the underlying defect in patients with non-syndromic RP  
141
. The originally identified human USH2A transcript was composed of 21 exons, encoding a 
protein of 1,551 amino acids. This isoform, isoform A (USH2A
isoA
), of the Usher 2A protein 
(USH2A/usherin) contains an N-terminal thrombospondin/pentaxin/laminin G-like domain, a 
laminin N-terminal (LamNT) domain, ten laminin-type EGF-like (EGF Lam) and four 
fibronectin type III (FN3) domains, and is hypothesized to be secreted. The lack of 
approximately 37% of the expected mutations in USH2a patients, led to the identification of 
an additional 51 exons of the USH2A gene and mutations in this region of the gene were 
found in USH2 patients (Chapter 2). These novel exons are subject to alternative splicing. 
The longest transcript consists of 72 exons, encoding 5,202 amino acids: USH2A isoform B 
(USH2A
isoB
). In addition to the domains described for isoform A, isoform B contains two 
laminin G (LamG), 28 FN3, a transmembrane domain and an intracellular domain with a C-
terminal class I PDZ-binding motif (X-S/T-X-L) (Figure 9A). In 2005, Adato and co-workers 
identified a novel inner ear-specific exon thereby adding 24 amino acids to the intracellular 
region of the protein 
2
.  
Immunohistochemical stainings with antibodies raised against isoform A revealed the 
presence of USH2A in basement membranes of the inner ear and retina. This localization 
overlaps with that of type IV collagen 
22
. In retina, USH2A was also shown to be very 
prevalent in the lens capsule. Based on its localization and interaction with collagen IV and 
fibronectin, it has been hypothesized that USH2A plays a structural role in the target tissues 
20-22
. By using antibodies directed against the intracellular region of USH2A
isoB
, USH2A 
could be detected in the stereocilia, more precisely at the region of the ankle links and at the 
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apical region of both inner ear hair cells and supporting cells 
2
. In addition, USH2A was 
detected at the hair cell synapse and in spiral ganglion cells (Chapter 3). In retina, USH2A
isoB
 
is the most prevalent isoform and observed at the photoreceptor periciliary region, the 
connecting cilium, the basal body and accessory centriole, the outer limiting membrane and 
the synaptic region of photoreceptor cells (Chapters 3 and 4) 
100,102
.  
Targeted disruption of Ush2a resulted in a progressive degeneration of photoreceptor 
cells. This degeneration is indicated by the upregulation of glial fibrillary acidic protein 
(GFAP), disorganized and shortened outer segments and the gradual thinning of the 
photoreceptor outer nuclear layer. Photoreceptor degeneration led to a significant decrease of 
a- and b-wave amplitudes in ERG measurements between the age of 10 and 20 months. No 
vestibular abnormalities were observed in Ush2a
-/- 
mice, but hearing tests at 4 and 7 months 
after birth revealed a nonprogressive moderate hearing impairment mainly affecting the high 
frequencies. Histological examination showed a widespread loss of outer hair cells, 
specifically in the basal turn of the cochlea. However, no abnormalies were observed in inner 
hair cells 
100
.  
 
6.2.2 USH2c/GPR98/VLGR1 (G-protein coupled receptor 98 kDa) 
Genome-wide linkage analysis in twelve USH2 families identified a novel locus on 
chromosome 5q14-q21 
133
. It was not until 2004 that mutations in the VLGR1 gene were 
identified as the underlying cause of USH2c 
176
. The VLGR1 gene was recently renamed as 
GPR98. Transcripts encoding three different isoforms (GPR98A-C) were identified in human, 
however, in mouse no transcripts for Gpr98A were detected but only transcripts were found 
for two additional isoforms, Gpr98D and Gpr98E 
108,178
. The GPR98A isoform consists of six 
putative Ca
2+
-binding calcium exchanger β (Calx) domains, a seven transmembrane (7TM) 
region and an intracellular region with a C-terminal class I PDZ-binding motif (X-S/T-X-L). 
In addition to the 7TM region and the intracellular region, GPR98B consists of 35 Calx 
domains, 7 EAR/EPTP repeats and a thrombospondin/pentaxin/laminin G-like 
(LamG/TspN/PTX) domain. GPR98C is composed of only the LamG/TspN/PTX domain and 
15 Calx domains, and lacks the 7TM and intracellular region (Figure 9B) 
176
. 
Multiple spontaneous or targeted Gpr98 mouse mutants have been studied, which 
provided insight into the function of GPR98. Disruption of the longest isoform, Gpr98B, in 
three different mouse mutants causes susceptibility to epileptic and audiogenic seizures 
without priming by acoustic stimulation during early development 
109,154,178
. In addition, the 
Mass1
frings 
mutation has been shown to be responsible for the early onset of hearing loss in 
inbred BUB/BnJ mice 
73
. Structural examination of Mass1
frings
 inner ear sensory epithelia 
revealed abnormally developed stereocilia bundles which remained immature and splayed 
into adulthood, and eventually hair cell degeneration. Similar defects were observed in  
Gpr98
-/-
 knock-out mice, suggesting that Gpr98 is essential for proper stereocilia formation 
and maturation 
179
. No obvious morphological changes were observed in the retina of   
Gpr98-mutant mice. 
Chapter 1 
 
 32 
Immunohistochemistry and immunoelectron-microscopy analysis localized Gpr98 at 
the base of the stereocilia, overlapping the location of the ankle link 
2,179
. It has been shown 
that calcium-depletion resulted in the disappearance of ankle links 
54
. The loss of Gpr98 upon 
BAPTA treatment and the absence of ankle links in Gpr98 mouse mutants suggested that 
Gpr98 is an essential component of the ankle link complex 
107,111,179
. The chicken ankle link 
antigen, ALA, is an epitope associated with ankle links of sensory hair bundles in the inner 
ear and the periciliary region of photoreceptor cells in the eye 
54
. Mass-spectrometry analysis 
identified the avian homolog of GPR98 as the ALA 
107
. Subsequent immunoelectron 
microscopy analysis in murine retina indeed showed Gpr98 as a component of the links 
between the periciliary region and the connecting cilium of photoreceptor cells. These links 
are absent in Vlgr1del7TM mutants 
102
. In addition to the localization in ankle links and 
periciliary region links, Gpr98 was also observed in the synaptic region of inner ear hair cells 
and photoreceptor cells and in inner ear spiral ganglion cells (Chapter 3). 
 
6.2.3 USH2d/DFNB31 (whirlin) 
Following a candidate gene approach, assuming that proteins interacting with the 
Usher protein network may well be involved in Usher syndrome, compound heterozygous 
mutations were identified in the 5’- region of the DFNB31 gene in patients with USH2 44. 
Mutations in the 3’-region of DFNB31 were previously identified in patients with non-
syndromic recessive deafness patients and in the whirler (wi) mouse mutant 
106,162
. These 
findings suggest a genotype-phenotype correlation: the N-terminal region of the long isoform 
is essential for retinal function and the C-terminal region of whirlin is needed for inner ear 
function. At least two different isoforms of whirlin, the protein encoded by DFNB31, are seen 
in mice. The longest isoform contains three PDZ domains, a proline-rich region, and a C-
terminal class II PDZ-binding motif (X-Φ-X-Φ) with which whirlin can form homomers 41. 
The short isoform contains only the proline-rich region, the third PDZ domain and the C-
terminal class II PDZ-binding motif (Figure 9C) 
106
.  
Analysis of wi inner ear sensory cells revealed severely shortened and thickened 
stereocilia 
65,106
, suggesting a role for whirlin in stereocilia elongation and actin filament 
dynamics 
113
. Similar phenotypes were observed in the deaf mouse mutants jerker and  
shaker-2 (sh-2), caused by mutations in Espn and MyoXVa respectively 
136,181
. Protein-protein 
interaction assays revealed a direct interaction between the last PDZ domain of whirlin and 
the myosin XVa tail and it has been shown that whirlin is dependent on the presence of 
myosin XVa for its location at the stereociliary tips. The stereocilia phenotypes and 
mislocalization of whirlin and myosin XVa observed in wi and sh-2 are rescued after 
overexpression of the short isoform of whirlin and myosin XVa respectively 
18,41
, indicating 
the functional relevance of their physical interaction. The observed stereociliary phenotype is 
suggested to be the result of the early ablation of MPP1 (p55) and 4.1R from the stereocilia as 
a secondary effect to the loss of whirlin at the tips 
105
. 
General introduction 
 
 33 
The whirler mouse is considered as a hypomorphic mutant because of the lack of a 
retinal phenotype. Recently, a whirlin knock-out mouse mutant was reported, affecting the 
long isoform 
180
. Photoreceptor outer segments were significantly shorter in length compared 
to wild-type and ERG amplitudes were reduced. In addition, stereocilia length was affected in 
this model. Besides the localization in the stereociliary tips, whirlin is present in outer hair 
cell synapses. In photoreceptor cells, whirlin is localized to the periciliary ridge region, the 
connecting cilium, the basal body and the synapse (Chapter 4) 
180
. 
 
 
Figure 9. Schematic representation of the archictecture of the Usher type II and Usher type III proteins and their 
different isoforms. (A) Isoform A of the Usher 2A protein (USH2a) contains a thrombospondin/pentaxin/laminin 
G-like domain, a laminin N-terminal (LamNT) domain, ten laminin-type EGF-like (EGF Lam) and four 
fibronectin type III (FN3) domains. In addition to the domain structure of isoform A, isoform B contains two 
laminin G (LamG) domains, 28 FN3 domains, a transmembrane domain (TM) and an intracellular region with a 
C-terminal class I PBM. (B) Three isoforms of the G-protein coupled Receptor 98 kDa, GPR98 (USH2c), are 
identified. The longest isoform, isoform B, consists of a thrombospondin/pentaxin/laminin G-like domain, 35 
Ca
2+
-binding calcium exchanger β (Calx) domains, seven EAR/EPTP repeats, a seven-transmembrane region 
and an intracellular region containing a C-terminal class I PBM. Isoform A is composed of the last 6 C-terminal 
Calx domains, the seven-transmembrane region and the intracellular region with the C-terminal class I PBM. 
The predicted extracellular isoform C only contains the first 16 N-terminal Calx domains and the 
thrombospondin/pentaxin/laminin G-like domain. (C) Isoform A of whirlin, the USH2d protein, contains three 
PDZ domains and a proline-rich region (P). Isoform B lacks the two N-terminal PDZ domains. Both isoforms 
contain a C-terminal class II PBM. (D) Clarin-1, the USH3A protein, only contains four (isoform A) or two 
transmembrane (isoform C) domains. For isoform B, no domains are predicted. Adapted from Kremer et al., 
2006 
88
. 
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6.3      Loci, genes and proteins involved in USH3 
6.3.1 USH3a/USH3A (clarin-1) 
Already in 1995, the USH3a locus was assigned to a 5-cM interval on chromosome 3q 
by linkage analysis in 10 Finnish families 
146
. The region was refined to 250 kb by haplotype 
and linkage-disequilibrium analyses in Finnish carriers of a putative founder mutation 
71
. 
Sequence analysis of the critical region revealed mutations in the USH3A gene in Finnish 
USH3 patients and in one Italian case 
51,71
. Mutations in the identified USH3A gene did not 
account for all USH3 cases, which led to the identification of novel USH3A exons mutated in 
patients 
4
. The longest transcript encodes clarin-1, a member of the four transmembrane 
protein (4TM) family. In addition to four transmembrane domains, clarin-1 contains a PDZ 
type I-binding motif with the X-S/T-X-V signature in its C-terminal region (Figure 9D) 
4
.  
Semi-quantitative expression analysis showed the presence of USH3A in human retina, 
skeletal muscle 
71
, olfactory epithelium, testis and cochlea 
4
. In situ hybridization assays on 
mouse cochlea showed the presence of USH3A transcripts in spiral ganglion cells and both 
inner and outer hair cells 
4
.  
Clarin-1 shows limited (10 %) sequence homology to stargazin 
4
. Stargazin, encoded 
by the neuronal calcium channel gamma subunit CACNG2 gene, is mutated in the Stargazer 
mouse 
94
 and plays a role in synaptic shaping and maintenance in the cerebellum 
35
. This 
suggests a synaptic role for clarin-1 in the inner ear and retina. Besides cerebellar defects, 
mutations in the murine Cacng2 gene cause inner ear and vestibular defects 
80,94
. So far, no 
proper antibody against clarin-1 has been developed and therefore its localization in the inner 
ear and retina remains unknown. 
 
6.3.2 USH3b 
 So far, it has only been reported that the USH3b locus resides on the long arm of 
chromosome 20. No linkage data are available yet 
132
.  
 
General introduction 
 
 35 
7. Outline of this thesis 
 The aim of the present study was to dissect the molecular pathology of Usher 
syndrome by focussing on the function of the USH2A protein. In chapter 2, the identification 
of a novel transmembrane isoform of USH2A, USH2A
isoB
, is described. Fifty-one novel 
exons were discovered at the 3’-end of the USH2A gene. These novel exons are mutated in 
Usher syndrome patients. In chapter 3, the USH2 proteins USH2A
isoB
 and GPR98, as well as 
the sodium bicarbonate transporter NBC3 are integrated in a protein network that connects all 
known USH1 and USH2 proteins by direct association with the USH1C scaffold protein 
harmonin. In chapter 4, the scaffold protein whirlin is presented as the second important 
organizer of the Usher protein network, connecting all known USH2 proteins. In chapter 5, 
MPP1 was identified as an interaction partner of the CRB1 interacting protein MPP5. In 
addition, a putative connection between the Usher protein network and the Crumbs protein 
network in the retina is described by a direct association of whirlin and MPP1. In chapter 6, 
yeast two-hybrid analysis revealed a novel isoform of the centrosomal ninein-like protein 
(Nlp
isoB
) that interacts with USH2A
isoB
 and the LCA5-encoded protein lebercilin, thereby 
linking Usher syndrome and Leber congenital amaurosis at the molecular level. Chapter 7 
describes a role of Nlp in the planar cell-polarity pathway. Also the physical association of 
Nlp
isoB
 and BBS6 is presented thereby connecting Usher syndrome and Bardet-Biedl 
syndrome. Chapter 8 provides a general discussion on the subject and future directions for 
research. 
Chapter 1 
 
 36 
General introduction 
 
 37 
8. References 
 1.  Adam, J; Myat, A; Le, R, I; Eddison, M; Henrique, D; Ish-Horowicz, D and Lewis, J (1998) Cell fate 
choices and the expression of Notch, Delta and Serrate homologues in the chick inner ear: 
parallels with Drosophila sense-organ development. Development 125: 4645-4654.  
 2.  Adato, A; Lefevre, G; Delprat, B; Michel, V; Michalski, N; Chardenoux, S; Weil, D; El Amraoui, A 
and Petit, C (2005) Usherin, the defective protein in Usher syndrome type IIA, is likely to be a 
component of interstereocilia ankle links in the inner ear sensory cells. Hum.Mol.Genet. 14: 
3921-3932.  
 3.  Adato, A; Michel, V; Kikkawa, Y; Reiners, J; Alagramam, KN; Weil, D; Yonekawa, H; Wolfrum, U; 
El Amraoui, A and Petit, C (2005) Interactions in the network of Usher syndrome type 1 
proteins. Hum.Mol.Genet. 14: 347-356.  
 4.  Adato, A; Vreugde, S; Joensuu, T; Avidan, N; Hamalainen, R; Belenkiy, O; Olender, T; Bonne-Tamir, 
B; Ben Asher, E; Espinos, C; Millan, JM; Lehesjoki, AE; Flannery, JG; Avraham, KB; 
Pietrokovski, S; Sankila, EM; Beckmann, JS and Lancet, D (2002) USH3A transcripts encode 
clarin-1, a four-transmembrane-domain protein with a possible role in sensory synapses. 
Eur.J.Hum.Genet. 10: 339-350.  
 5.  Ahmed, Z; Riazuddin, S; Khan, S; Friedman, P; Riazuddin, S and Friedman, T (2008) USH1H, a novel 
locus for type I Usher syndrome, maps to chromosome 15q22-23. Clin.Genet.  Epub ahead of 
print. 
 6.  Ahmed, ZM; Goodyear, R; Riazuddin, S; Lagziel, A; Legan, PK; Behra, M; Burgess, SM; Lilley, KS; 
Wilcox, ER; Riazuddin, S; Griffith, AJ; Frolenkov, GI; Belyantseva, IA; Richardson, GP and 
Friedman, TB (2006) The tip link antigen, a protein associated with the transduction complex 
of sensory hair cells, is protocadherin-15. J.Neurosci. 26: 7022-7034.  
 7.  Ahmed, ZM; Riazuddin, S; Ahmad, J; Bernstein, SL; Guo, Y; Sabar, MF; Sieving, P; Riazuddin, S; 
Griffith, AJ; Friedman, TB; Belyantseva, IA and Wilcox, ER (2003) PCDH15 is expressed in 
the neurosensory epithelium of the eye and ear and mutant alleles are responsible for both 
USH1F and DFNB23. Hum.Mol.Genet. 12: 3215-3223.  
 8.  Ahmed, ZM; Riazuddin, S; Bernstein, SL; Ahmed, Z; Khan, S; Griffith, AJ; Morell, RJ; Friedman, TB; 
Riazuddin, S and Wilcox, ER (2001) Mutations of the protocadherin gene PCDH15 cause 
Usher syndrome type 1F. Am.J.Hum.Genet. 69: 25-34.  
 9.  Ahmed, ZM; Smith, TN; Riazuddin, S; Makishima, T; Ghosh, M; Bokhari, S; Menon, PS; Deshmukh, 
D; Griffith, AJ; Riazuddin, S; Friedman, TB and Wilcox, ER (2002) Nonsyndromic recessive 
deafness DFNB18 and Usher syndrome type IC are allelic mutations of USHIC. Hum.Genet. 
110: 527-531.  
 10.  Alagramam, KN; Miller, ND; Adappa, ND; Pitts, DR; Heaphy, JC; Yuan, H and Smith, RJ (2007) 
Promoter, alternative splice forms, and genomic structure of protocadherin 15. Genomics 90: 
482-492.  
 11.  Alagramam, KN; Murcia, CL; Kwon, HY; Pawlowski, KS; Wright, CG and Woychik, RP (2001) The 
mouse Ames waltzer hearing-loss mutant is caused by mutation of Pcdh15, a novel 
protocadherin gene. Nat.Genet. 27: 99-102.  
 12.  Alagramam, KN; Yuan, H; Kuehn, MH; Murcia, CL; Wayne, S; Srisailpathy, CR; Lowry, RB; Knaus, 
R; Van Laer, L; Bernier, FP; Schwartz, S; Lee, C; Morton, CC; Mullins, RF; Ramesh, A; Van 
Camp, G; Hageman, GS; Woychik, RP and Smith, RJ (2001) Mutations in the novel 
protocadherin PCDH15 cause Usher syndrome type 1F. Hum.Mol.Genet. 10: 1709-1718.  
Chapter 1 
 
 38 
 13.  Aller, E; Jaijo, T; Oltra, S; Alio, J; Galan, F; Najera, C; Beneyto, M and Millan, JM (2004) Mutation 
screening of USH3 gene (clarin-1) in Spanish patients with Usher syndrome: low prevalence 
and phenotypic variability. Clin.Genet. 66: 525-529.  
 14.  Alvarez, IS and Navascues, J (1990) Shaping, invagination, and closure of the chick embryo otic 
vesicle: scanning electron microscopic and quantitative study. Anat.Rec. 228: 315-326.  
 15.  Astuto, LM; Bork, JM; Weston, MD; Askew, JW; Fields, RR; Orten, DJ; Ohliger, SJ; Riazuddin, S; 
Morell, RJ; Khan, S; Riazuddin, S; Kremer, H; van Hauwe, P; Moller, CG; Cremers, CW; 
Ayuso, C; Heckenlively, JR; Rohrschneider, K; Spandau, U; Greenberg, J; Ramesar, R; 
Reardon, W; Bitoun, P; Millan, J; Legge, R; Friedman, TB and Kimberling, WJ (2002) 
CDH23 mutation and phenotype heterogeneity: a profile of 107 diverse families with Usher 
syndrome and nonsyndromic deafness. Am.J.Hum.Genet. 71: 262-275.  
 16.  Auffarth, GU; Tetz, MR; Krastel, H; Blankenagel, A and Volcker, HE (1997) Complicated cataracts in 
various forms of retinitis pigmentosa. Type and incidence. Ophthalmologe 94: 642-646.  
 17.  Bell, J (1922) Retinitis pigmentosa and allied diseases. In: Pearson, K (ed.) The Treasury of Human 
Inheritance. vol 2. London: Cambridge University Press: 1–29.  
 18.  Belyantseva, IA; Boger, ET; Naz, S; Frolenkov, GI; Sellers, JR; Ahmed, ZM; Griffith, AJ and 
Friedman, TB (2005) Myosin-XVa is required for tip localization of whirlin and differential 
elongation of hair-cell stereocilia. Nat.Cell Biol. 7: 148-156.  
 19.  Bessant, DA; Payne, AM; Plant, C; Bird, AC and Bhattacharya, SS (1998) Further refinement of the 
Usher 2A locus at 1q41. J.Med.Genet. 35: 773-774.  
 20.  Bhattacharya, G and Cosgrove, D (2005) Evidence for functional importance of usherin/fibronectin 
interactions in retinal basement membranes. Biochemistry 44: 11518-11524.  
 21.  Bhattacharya, G; Kalluri, R; Orten, DJ; Kimberling, WJ and Cosgrove, D (2004) A domain-specific 
usherin/collagen IV interaction may be required for stable integration into the basement 
membrane superstructure. J.Cell Sci. 117: 233-242.  
 22.  Bhattacharya, G; Miller, C; Kimberling, WJ; Jablonski, MM and Cosgrove, D (2002) Localization and 
expression of usherin: a novel basement membrane protein defective in people with Usher's 
syndrome type IIa. Hear.Res 163: 1-11.  
 23.  Bitner-Glindzicz, M; Lindley, KJ; Rutland, P; Blaydon, D; Smith, VV; Milla, PJ; Hussain, K; Furth-
Lavi, J; Cosgrove, KE; Shepherd, RM; Barnes, PD; O'Brien, RE; Farndon, PA; Sowden, J; 
Liu, XZ; Scanlan, MJ; Malcolm, S; Dunne, MJ; Aynsley-Green, A and Glaser, B (2000) A 
recessive contiguous gene deletion causing infantile hyperinsulinism, enteropathy and deafness 
identifies the Usher type 1C gene. Nat.Genet. 26: 56-60.  
 24.  Boeda, B; El Amraoui, A; Bahloul, A; Goodyear, R; Daviet, L; Blanchard, S; Perfettini, I; Fath, KR; 
Shorte, S; Reiners, J; Houdusse, A; Legrain, P; Wolfrum, U; Richardson, G and Petit, C (2002) 
Myosin VIIa, harmonin and cadherin 23, three Usher I gene products that cooperate to shape 
the sensory hair cell bundle. EMBO J. 21: 6689-6699.  
 25.  Bolz, H; von Brederlow, B; Ramirez, A; Bryda, EC; Kutsche, K; Nothwang, HG; Seeliger, M; del, C-S; 
Vila, MC; Molina, OP; Gal, A and Kubisch, C (2001) Mutation of CDH23, encoding a new 
member of the cadherin gene family, causes Usher syndrome type 1D. Nat.Genet. 27: 108-112.  
 26.  Bonneau, D; Raymond, F; Kremer, C; Klossek, JM; Kaplan, J and Patte, F (1993) Usher syndrome type 
I associated with bronchiectasis and immotile nasal cilia in two brothers. J.Med.Genet. 30: 
253-254.  
General introduction 
 
 39 
 27.  Bork, JM; Morell, RJ; Khan, S; Riazuddin, S; Wilcox, ER; Friedman, TB and Griffith, AJ (2002) 
Clinical presentation of DFNB12 and Usher syndrome type 1D. Adv.Otorhinolaryngol. 61: 
145-152.  
 28.  Bork, JM; Peters, LM; Riazuddin, S; Bernstein, SL; Ahmed, ZM; Ness, SL; Polomeno, R; Ramesh, A; 
Schloss, M; Srisailpathy, CR; Wayne, S; Bellman, S; Desmukh, D; Ahmed, Z; Khan, SN; 
Kaloustian, VM; Li, XC; Lalwani, A; Riazuddin, S; Bitner-Glindzicz, M; Nance, WE; Liu, 
XZ; Wistow, G; Smith, RJ; Griffith, AJ; Wilcox, ER; Friedman, TB and Morell, RJ (2001) 
Usher syndrome 1D and nonsyndromic autosomal recessive deafness DFNB12 are caused by 
allelic mutations of the novel cadherin-like gene CDH23. Am.J.Hum.Genet. 68: 26-37.  
 29.  Boughman, JA; Vernon, M and Shaver, KA (1983) Usher syndrome: definition and estimate of 
prevalence from two high-risk populations. J.Chronic.Dis. 36: 595-603.  
 30.  Bringmann, A; Pannicke, T; Grosche, J; Francke, M; Wiedemann, P; Skatchkov, SN; Osborne, NN and 
Reichenbach, A (2006) Muller cells in the healthy and diseased retina. Prog.Retin.Eye Res. 25: 
397-424.  
 31.  Brown, KA; Sutcliffe, MJ; Steel, KP and Brown, SD (1992) Close linkage of the olfactory marker 
protein gene to the mouse deafness mutation shaker-1. Genomics 13: 189-193.  
 32.  Bruses, JL (2000) Cadherin-mediated adhesion at the interneuronal synapse. Curr.Opin.Cell Biol. 12: 
593-597.  
 33.  Chaib, H; Kaplan, J; Gerber, S; Vincent, C; Ayadi, H; Slim, R; Munnich, A; Weissenbach, J and Petit, 
C (1997) A newly identified locus for Usher syndrome type I, USH1E, maps to chromosome 
21q21. Hum.Mol.Genet. 6: 27-31.  
 34.  Chaib, H; Place, C; Salem, N; Dode, C; Chardenoux, S; Weissenbach, J; El Zir, E; Loiselet, J and Petit, 
C (1996) Mapping of DFNB12, a gene for a non-syndromal autosomal recessive deafness, to 
chromosome 10q21-22. Hum.Mol.Genet. 5: 1061-1064.  
 35.  Chen, L; Chetkovich, DM; Petralia, RS; Sweeney, NT; Kawasaki, Y; Wenthold, RJ; Bredt, DS and 
Nicoll, RA (2000) Stargazin regulates synaptic targeting of AMPA receptors by two distinct 
mechanisms. Nature 408: 936-943.  
 36.  Cunningham, SA; Arrate, MP; Rodriguez, JM; Bjercke, RJ; Vanderslice, P; Morris, AP and Brock, TA 
(2000) A novel protein with homology to the junctional adhesion molecule. Characterization 
of leukocyte interactions. J.Biol.Chem. 275: 34750-34756.  
 37.  D'Alterio, C; Tran, DD; Yeung, MW; Hwang, MS; Li, MA; Arana, CJ; Mulligan, VK; Kubesh, M; 
Sharma, P; Chase, M; Tepass, U and Godt, D (2005) Drosophila melanogaster Cad99C, the 
orthologue of human Usher cadherin PCDH15, regulates the length of microvilli. J.Cell Biol. 
171: 549-558.  
 38.  Daniele, LL; Adams, RH; Durante, DE; Pugh, EN, Jr. and Philp, NJ (2007) Novel distribution of 
junctional adhesion molecule-C in the neural retina and retinal pigment epithelium. 
J.Comp.Neurol. 505: 166-176.  
 39.  Davenport, SLH and Omenn, GS (1977) The heterogeneity of Usher syndrome. In: Littlefield, FJ; 
Ebbing FJG; Henderson, JW, eds. Fifth International Conference on Birth Defects. 
Amsterdam, Excerpta Medica, 87-88.  
 40.  De Wilde, PA (1919) Verwantschap en erfelijkheid bij doofstomheid en retinitis pigmentosa. Thesis 
Universiteit van Amsterdam, Publisher  F. van Rossum.  
Chapter 1 
 
 40 
 41.  Delprat, B; Michel, V; Goodyear, R; Yamasaki, Y; Michalski, N; El Amraoui, A; Perfettini, I; Legrain, 
P; Richardson, G; Hardelin, JP and Petit, C (2005) Myosin XVa and whirlin, two deafness 
gene products required for hair bundle growth, are located at the stereocilia tips and interact 
directly. Hum.Mol.Genet. 14: 401-410.  
 42.  DeWan, AT; Parrado, AR and Leal, SM (2003) A second kindred linked to DFNA20 (17q25.3) reduces 
the genetic interval. Clin.Genet. 63: 39-45.  
 43.  Di Palma, F; Holme, RH; Bryda, EC; Belyantseva, IA; Pellegrino, R; Kachar, B; Steel, KP and Noben-
Trauth, K (2001) Mutations in Cdh23, encoding a new type of cadherin, cause stereocilia 
disorganization in waltzer, the mouse model for Usher syndrome type 1D. Nat.Genet. 27: 103-
107.  
 44.  Ebermann, I; Scholl, HP; Charbel, IP; Becirovic, E; Lamprecht, J; Jurklies, B; Millan, JM; Aller, E; 
Mitter, D and Bolz, H (2007) A novel gene for Usher syndrome type 2: mutations in the long 
isoform of whirlin are associated with retinitis pigmentosa and sensorineural hearing loss. 
Hum.Genet. 121: 203-211.  
 45.  Eddison, M; Le, R, I and Lewis, J (2000) Notch signalling in the development of the inner ear: lessons 
from Drosophila. Proc.Natl.Acad.Sci.U.S.A 97: 11692-11699.  
 46.  El Amraoui, A; Sahly, I; Picaud, S; Sahel, J; Abitbol, M and Petit, C (1996) Human Usher 1B/mouse 
shaker-1: the retinal phenotype discrepancy explained by the presence/absence of myosin VIIA 
in the photoreceptor cells. Hum.Mol.Genet. 5: 1171-1178.  
 47.  Ernest, S; Rauch, GJ; Haffter, P; Geisler, R; Petit, C and Nicolson, T (2000) Mariner is defective in 
myosin VIIA: a zebrafish model for human hereditary deafness. Hum.Mol.Genet. 9: 2189-
2196.  
 48.  Espinos, C; Millan, JM; Beneyto, M and Najera, C (1998) Epidemiology of Usher syndrome in 
Valencia and Spain. Community Genet. 1: 223-228.  
 49.  Eudy, JD; Weston, MD; Yao, S; Hoover, DM; Rehm, HL; Ma-Edmonds, M; Yan, D; Ahmad, I; Cheng, 
JJ; Ayuso, C; Cremers, C; Davenport, S; Moller, C; Talmadge, CB; Beisel, KW; Tamayo, M; 
Morton, CC; Swaroop, A; Kimberling, WJ and Sumegi, J (1998) Mutation of a gene encoding 
a protein with extracellular matrix motifs in Usher syndrome type IIa. Science 280: 1753-1757.  
 50.  Fishman, GA; Anderson, RJ; Lam, BL and Derlacki, DJ (1995) Prevalence of foveal lesions in type 1 
and type 2 Usher's syndrome. Arch.Ophthalmol. 113: 770-773.  
 51.  Gasparini, P; De Fazio, A; Croce, AI; Stanziale, P and Zelante, L (1998) Usher syndrome type III 
(USH3) linked to chromosome 3q in an Italian family. J.Med.Genet. 35: 666-667.  
 52.  Gibbs, D; Azarian, SM; Lillo, C; Kitamoto, J; Klomp, AE; Steel, KP; Libby, RT and Williams, DS 
(2004) Role of myosin VIIa and Rab27a in the motility and localization of RPE melanosomes. 
J.Cell Sci. 117: 6473-6483.  
 53.  Gibson, F; Walsh, J; Mburu, P; Varela, A; Brown, KA; Antonio, M; Beisel, KW; Steel, KP and Brown, 
SD (1995) A type VII myosin encoded by the mouse deafness gene shaker-1. Nature 374: 62-
64.  
 54.  Goodyear, R and Richardson, G (1999) The ankle link antigen: an epitope sensitive to calcium chelation 
associated with the hair-cell surface and the calycal processes of photoreceptors. J.Neurosci. 
19: 3761-3772.  
General introduction 
 
 41 
 55.  Goodyear, RJ and Richardson, GP (2003) A novel antigen sensitive to calcium chelation that is 
associated with the tip links and kinocilial links of sensory hair bundles. J.Neurosci. 23: 4878-
4887.  
 56.  Gouras, P (1984) Color vision. Prog.Ret.Res. 3: 227-261.  
 57.  Granato, M; van Eeden, FJ; Schach, U; Trowe, T; Brand, M; Furutani-Seiki, M; Haffter, P; 
Hammerschmidt, M; Heisenberg, CP; Jiang, YJ; Kane, DA; Kelsh, RN; Mullins, MC; 
Odenthal, J and Nusslein-Volhard, C (1996) Genes controlling and mediating locomotion 
behavior of the zebrafish embryo and larva. Development 123: 399-413.  
 58.  Grondahl, J (1987) Estimation of prognosis and prevalence of retinitis pigmentosa and Usher syndrome 
in Norway. Clin.Genet. 31: 255-264.  
 59.  Grondahl, J and Mjoen, S (1986) Usher syndrome in four Norwegian counties. Clin.Genet. 30: 14-28.  
 60.  Hartmann, A (1880) Taubstummheit und Taubstummenbildung nach den vorhanden Quellen sowie 
nach eigenen Beobachtungen und Erfahrungen. Stuttgart: Verlag Ferdinand Enke.  
 61.  Hasson, T; Gillespie, PG; Garcia, JA; MacDonald, RB; Zhao, Y; Yee, AG; Mooseker, MS and Corey, 
DP (1997) Unconventional myosins in inner-ear sensory epithelia. J.Cell Biol. 137: 1287-
1307.  
 62.  Hasson, T; Heintzelman, MB; Santos-Sacchi, J; Corey, DP and Mooseker, MS (1995) Expression in 
cochlea and retina of myosin VIIa, the gene product defective in Usher syndrome type 1B. 
Proc.Natl.Acad.Sci.U.S.A 92: 9815-9819.  
 63.  Haywood-Watson, RJ; Ahmed, ZM; Kjellstrom, S; Bush, RA; Takada, Y; Hampton, LL; Battey, JF; 
Sieving, PA and Friedman, TB (2006) Ames Waltzer deaf mice have reduced 
electroretinogram amplitudes and complex alternative splicing of Pcdh15 transcripts. 
Invest.Ophthalmol.Vis.Sci. 47: 3074-3084.  
 64.  Heckenlively, JR; Yoser, SL; Friedman, LH and Oversier, JJ (1988) Clinical findings and common 
symptoms in retinitis pigmentosa. Am.J.Ophthalmol. 105: 504-511.  
 65.  Holme, RH; Kiernan, BW; Brown, SD and Steel, KP (2002) Elongation of hair cell stereocilia is 
defective in the mouse mutant whirler. J.Comp.Neurol. 450: 94-102.  
 66.  Hope, CI; Bundey, S; Proops, D and Fielder, AR (1997) Usher syndrome in the city of Birmingham--
prevalence and clinical classification. Br.J.Ophthalmol. 81: 46-53.  
 67.  Hunter, DG; Fishman, GA; Mehta, RS and Kretzer, FL (1986) Abnormal sperm and photoreceptor 
axonemes in Usher's syndrome. Arch.Ophthalmol. 104: 385-389.  
 68.  Huygen, PLM; Pennings, RJE; Nicolasen, MGM; van Aarem, A; Weston, MD; Deutman, AF; 
Verhagen, WIM; Kremer, H; Kimberling, WJ and Cremers, CWRJ (2004) Analysis of 
optokinetic and vestibular responses related to advancing age and increasing visual impairment 
in USH2a. Radboud University Nijmegen: thesis RJ Pennings. 
 69.  Iannaccone, A; Kritchevsky, SB; Ciccarelli, ML; Tedesco, SA; Macaluso, C; Kimberling, WJ and 
Somes, GW (2004) Kinetics of visual field loss in Usher syndrome Type II. 
Invest.Ophthalmol.Vis.Sci. 45: 784-792.  
 70.  Jain, PK; Lalwani, AK; Li, XC; Singleton, TL; Smith, TN; Chen, A; Deshmukh, D; Verma, IC; Smith, 
RJ and Wilcox, ER (1998) A gene for recessive nonsyndromic sensorineural deafness 
(DFNB18) maps to the chromosomal region 11p14-p15.1 containing the Usher syndrome type 
1C gene. Genomics 50: 290-292.  
Chapter 1 
 
 42 
 71.  Joensuu, T; Hamalainen, R; Yuan, B; Johnson, C; Tegelberg, S; Gasparini, P; Zelante, L; Pirvola, U; 
Pakarinen, L; Lehesjoki, AE; de la, CA and Sankila, EM (2001) Mutations in a novel gene 
with transmembrane domains underlie Usher syndrome type 3. Am.J.Hum.Genet. 69: 673-684.  
 72.  Johnson, KR; Gagnon, LH; Webb, LS; Peters, LL; Hawes, NL; Chang, B and Zheng, QY (2003) Mouse 
models of USH1C and DFNB18: phenotypic and molecular analyses of two new spontaneous 
mutations of the Ush1c gene. Hum.Mol.Genet. 12: 3075-3086.  
 73.  Johnson, KR; Zheng, QY; Weston, MD; Ptacek, LJ and Noben-Trauth, K (2005) The Mass1frings 
mutation underlies early onset hearing impairment in BUB/BnJ mice, a model for the auditory 
pathology of Usher syndrome IIC. Genomics 85: 582-590.  
 74.  Kachar, B; Battaglia, A and Fex, J (1997) Compartmentalized vesicular traffic around the hair cell 
cuticular plate. Hear.Res. 107: 102-112.  
 75.  Kalay, E; de Brouwer, AP; Caylan, R; Nabuurs, SB; Wollnik, B; Karaguzel, A; Heister, JG; Erdol, H; 
Cremers, FP; Cremers, CW; Brunner, HG and Kremer, H (2005) A novel D458V mutation in 
the SANS PDZ-binding motif causes atypical Usher syndrome. J.Mol.Med. 83: 1025-1032.  
 76.  Kandel, ER; Schwartz, JH and Jessell, TM (1995) Essentials of neural science and behaviour. 
International edition, publisher: Appleton & Lange, Connecticut, USA.  
 77.  Karjalainen, S; Terasvirta, M; Karja, J and Kaariainen, H (1985) Usher's syndrome type III: ENG 
findings in four affected and six unaffected siblings. J.Laryngol.Otol. 99: 43-48.  
 78.  Kazmierczak, P; Sakaguchi, H; Tokita, J; Wilson-Kubalek, EM; Milligan, RA; Muller, U and Kachar, B 
(2007) Cadherin 23 and protocadherin 15 interact to form tip link filaments in sensory hair 
cells. Nature 449: 87-91.  
 79.  Kemperman, MH; De Leenheer, EM; Huygen, PL; van Wijk, E; van Duijnhoven, G; Cremers, FP; 
Kremer, H and Cremers, CW (2004) A Dutch family with hearing loss linked to the 
DFNA20/26 locus: longitudinal analysis of hearing impairment. Arch.Otolaryngol.Head Neck 
Surg. 130: 281-288.  
 80.  Khan, Z; Carey, J; Park, HJ; Lehar, M; Lasker, D and Jinnah, HA (2004) Abnormal motor behavior and 
vestibular dysfunction in the stargazer mouse mutant. Neuroscience 127: 785-796.  
 81.  Kikkawa, Y; Shitara, H; Wakana, S; Kohara, Y; Takada, T; Okamoto, M; Taya, C; Kamiya, K; 
Yoshikawa, Y; Tokano, H; Kitamura, K; Shimizu, K; Wakabayashi, Y; Shiroishi, T; 
Kominami, R and Yonekawa, H (2003) Mutations in a new scaffold protein Sans cause 
deafness in Jackson shaker mice. Hum.Mol.Genet. 12: 453-461.  
 82.  Kikuchi, T; Tonosaki, A and Takasaka, T (1988) Development of apical-surface structures of mouse 
otic placode. Acta Otolaryngol. 106: 200-207.  
 83.  Kimberling, WJ; Moller, CG; Davenport, S; Priluck, IA; Beighton, PH; Greenberg, J; Reardon, W; 
Weston, MD; Kenyon, JB; Grunkemeyer, JA; Pieke-Dahl, S; Overbeck, LD; Blackwood, DJ; 
Brower, AM; Hoover, DM; Rowland, P and Smith, RJH (1992) Linkage of Usher syndrome 
type I gene (USH1B) to the long arm of chromosome 11. Genomics 14: 988-994.  
 84.  Kimberling, WJ; Weston, MD; Moller, C; Davenport, SL; Shugart, YY; Priluck, IA; Martini, A; Milani, 
M and Smith, RJH (1990) Localization of Usher syndrome type II to chromosome 1q. 
Genomics 7: 245-249.  
 85.  Kimberling, WJ; Weston, MD; Moller, C; van Aarem, A; Cremers, CW; Sumegi, J; Ing, PS; Connolly, 
C; Martini, A; Milani, M; Tamayo, ML; Bernal, J; Greenberg, J and Ayuso, C (1995) Gene 
General introduction 
 
 43 
mapping of Usher syndrome type IIa: localization of the gene to a 2.1-cM segment on 
chromosome 1q41. Am.J.Hum.Genet. 56: 216-223.  
 86.  Kitamura, K; Kakoi, H; Yoshikawa, Y and Ochikubo, F (1992) Ultrastructural findings in the inner ear 
of Jackson shaker mice. Acta Otolaryngol. 112: 622-627.  
 87.  Klomp, AE; Teofilo, K; Legacki, E and Williams, DS (2007) Analysis of the linkage of MYRIP and 
MYO7A to melanosomes by RAB27A in retinal pigment epithelial cells. Cell 
Motil.Cytoskeleton 64: 474-487.  
 88.  Kremer, H; van Wijk, E; Marker, T; Wolfrum, U and Roepman, R (2006) Usher syndrome: molecular 
links of pathogenesis, proteins and pathways. Hum.Mol.Genet. 15 Spec No 2: R262-R270.  
 89.  Kumar, A; Fishman, G and Torok, N (1984) Vestibular and auditory function in Usher's syndrome. 
Ann.Otol.Rhinol.Laryngol. 93: 600-608.  
 90.  Lagziel, A; Ahmed, ZM; Schultz, JM; Morell, RJ; Belyantseva, IA and Friedman, TB (2005) 
Spatiotemporal pattern and isoforms of cadherin 23 in wild type and waltzer mice during inner 
ear hair cell development. Dev.Biol. 280: 295-306.  
 91.  Lanford, PJ; Lan, Y; Jiang, R; Lindsell, C; Weinmaster, G; Gridley, T and Kelley, MW (1999) Notch 
signalling pathway mediates hair cell development in mammalian cochlea. Nat.Genet. 21: 289-
292.  
 92.  Lentz, J; Pan, F; Ng, SS; Deininger, P and Keats, B (2007) Ush1c216A knock-in mouse survives 
Katrina. Mutat.Res. 616: 139-144.  
 93.  Lentz, J; Savas, S; Ng, SS; Athas, G; Deininger, P and Keats, B (2005) The USH1C 216G-->A splice-
site mutation results in a 35-base-pair deletion. Hum.Genet. 116: 225-227.  
 94.  Letts, VA; Felix, R; Biddlecome, GH; Arikkath, J; Mahaffey, CL; Valenzuela, A; Bartlett, FS; Mori, Y; 
Campbell, KP and Frankel, WN (1998) The mouse stargazer gene encodes a neuronal Ca2+-
channel gamma subunit. Nat.Genet. 19: 340-347.  
 95.  Libby, RT; Kitamoto, J; Holme, RH; Williams, DS and Steel, KP (2003) Cdh23 mutations in the mouse 
are associated with retinal dysfunction but not retinal degeneration. Exp.Eye Res. 77: 731-739.  
 96.  Libby, RT and Steel, KP (2001) Electroretinographic anomalies in mice with mutations in Myo7a, the 
gene involved in human Usher syndrome type 1B. Invest.Ophthalmol.Vis.Sci. 42: 770-778.  
 97.  Liebreich, R (1861) Abkunft aus Ehen unter Blutverwandten als Grund von Retinitis Pigmentosa. 
Dtsch.Arch.Klin.Med. 13: 53-55.  
 98.  Lillo, C; Siemens, J; Kazmierczak, P; Mueller, U and Williams, DS (2005) Roles and interactions of 
three USH1 proteins in the retina and inner ear. ARVO abstract #5176.  
 99.  Liu, P; Li, H; Ren, X; Mao, H; Zhu, Q; Zhu, Z; Yang, R; Yuan, W; Liu, J; Wang, Q and Liu, M (2008) 
Novel ACTG1 mutation causing autosomal dominant non-syndromic hearing impairment in a 
Chinese family. J.Genet.Genomics 35: 553-558.  
 100.  Liu, X; Bulgakov, OV; Darrow, KN; Pawlyk, B; Adamian, M; Liberman, MC and Li, T (2007) Usherin 
is required for maintenance of retinal photoreceptors and normal development of cochlear hair 
cells. Proc.Natl.Acad.Sci.U.S.A 104: 4413-4418.  
 101.  Liu, X; Ondek, B and Williams, DS (1998) Mutant myosin VIIa causes defective melanosome 
distribution in the RPE of shaker-1 mice. Nat.Genet. 19: 117-118.  
Chapter 1 
 
 44 
 102.  Maerker, T; van Wijk, E; Overlack, N; Kersten, FFJ; McGee, J; Goldmann, T; Sehn, E; Roepman, R; 
Walsh, EJ; Kremer, H and Wolfrum, U (2008) A novel Usher protein network at the periciliary 
reloading point between molecular transport machineries in vertebrate photoreceptor cells. 
Hum.Mol.Genet. 17: 71-86.  
 103.  Martin, P and Swanson, GJ (1993) Descriptive and experimental analysis of the epithelial remodellings 
that control semicircular canal formation in the developing mouse inner ear. Dev.Biol. 159: 
549-558.  
 104.  Mata, NL; Radu, RA; Clemmons, RC and Travis, GH (2002) Isomerization and oxidation of vitamin a 
in cone-dominant retinas: a novel pathway for visual-pigment regeneration in daylight. Neuron 
36: 69-80.  
 105.  Mburu, P; Kikkawa, Y; Townsend, S; Romero, R; Yonekawa, H and Brown, SD (2006) Whirlin 
complexes with p55 at the stereocilia tip during hair cell development. 
Proc.Natl.Acad.Sci.U.S.A 103: 10973-10978.  
 106.  Mburu, P; Mustapha, M; Varela, A; Weil, D; El Amraoui, A; Holme, RH; Rump, A; Hardisty, RE; 
Blanchard, S; Coimbra, RS; Perfettini, I; Parkinson, N; Mallon, AM; Glenister, P; Rogers, MJ; 
Paige, AJ; Moir, L; Clay, J; Rosenthal, A; Liu, XZ; Blanco, G; Steel, KP; Petit, C and Brown, 
SD (2003) Defects in whirlin, a PDZ domain molecule involved in stereocilia elongation, 
cause deafness in the whirler mouse and families with DFNB31. Nat.Genet. 34: 421-428.  
 107.  McGee, J; Goodyear, RJ; McMillan, DR; Stauffer, EA; Holt, JR; Locke, KG; Birch, DG; Legan, PK; 
White, PC; Walsh, EJ and Richardson, GP (2006) The very large G-protein-coupled receptor 
VLGR1: a component of the ankle link complex required for the normal development of 
auditory hair bundles. J.Neurosci. 26: 6543-6553.  
 108.  McMillan, DR; Kayes-Wandover, KM; Richardson, JA and White, PC (2002) Very large G protein-
coupled receptor-1, the largest known cell surface protein, is highly expressed in the 
developing central nervous system. J.Biol.Chem. 277: 785-792.  
 109.  McMillan, DR and White, PC (2004) Loss of the transmembrane and cytoplasmic domains of the very 
large G-protein-coupled receptor-1 (VLGR1 or Mass1) causes audiogenic seizures in mice. 
Mol.Cell Neurosci. 26: 322-329.  
 110.  Mendel, GJ (1866) Versuche uber Pflanzen-Hybriden. Verhandl.d.Naturfsch.Ver.in Brunn 4: 3-47.  
 111.  Michalski, N; Michel, V; Bahloul, A; Lefevre, G; Barral, J; Yagi, H; Chardenoux, S; Weil, D; Martin, 
P; Hardelin, JP; Sato, M and Petit, C (2007) Molecular characterization of the ankle link 
complex in cochlear hair cells and its role in the hair bundle functioning. J.Neurosci. 27: 6478-
6488.  
 112.  Mizuno, T; Kawasaki, M; Nakahira, M; Kagamiyama, H; Kikuchi, Y; Okamoto, H; Mori, K and 
Yoshihara, Y (2001) Molecular diversity in zebrafish NCAM family: three members with 
different VASE usage and distinct localization. Mol.Cell Neurosci. 18: 119-130.  
 113.  Mogensen, MM; Rzadzinska, A and Steel, KP (2007) The deaf mouse mutant whirler suggests a role 
for whirlin in actin filament dynamics and stereocilia development. Cell Motil.Cytoskeleton 
64: 496-508.  
 114.  Moller, CG; Kimberling, WJ; Davenport, SL; Priluck, I; White, V; Biscone-Halterman, K; Odkvist, 
LM; Brookhouser, PE; Lund, G and Grissom, TJ (1989) Usher syndrome: an otoneurologic 
study. Laryngoscope 99: 73-79.  
 115.  Morell, RJ; Friderici, KH; Wei, S; Elfenbein, JL; Friedman, TB and Fisher, RA (2000) A new locus for 
late-onset, progressive, hereditary hearing loss DFNA20 maps to 17q25. Genomics 63: 1-6.  
General introduction 
 
 45 
 116.  Muniz, A; Villazana-Espinoza, ET; Hatch, AL; Trevino, SG; Allen, DM and Tsin, AT (2007) A novel 
cone visual cycle in the cone-dominated retina. Exp.Eye Res. 85: 175-184.  
 117.  Mustapha, M; Chouery, E; Torchard-Pagnez, D; Nouaille, S; Khrais, A; Sayegh, FN; Megarbane, A; 
Loiselet, J; Lathrop, M; Petit, C and Weil, D (2002) A novel locus for Usher syndrome type I, 
USH1G, maps to chromosome 17q24-25. Hum.Genet. 110: 348-350.  
 118.  Ness, SL; Ben Yosef, T; Bar-Lev, A; Madeo, AC; Brewer, CC; Avraham, KB; Kornreich, R; Desnick, 
RJ; Willner, JP; Friedman, TB and Griffith, AJ (2003) Genetic homogeneity and phenotypic 
variability among Ashkenazi Jews with Usher syndrome type III. J.Med.Genet. 40: 767-772.  
 119.  Newsome, DA; Stark, WJ, Jr. and Maumenee, IH (1986) Cataract extraction and intraocular lens 
implantation in patients with retinitis pigmentosa or Usher's syndrome. Arch.Ophthalmol. 104: 
852-854.  
 120.  Nicolson, T; Rusch, A; Friedrich, RW; Granato, M; Ruppersberg, JP and Nusslein-Volhard, C (1998) 
Genetic analysis of vertebrate sensory hair cell mechanosensation: the zebrafish circler 
mutants. Neuron 20: 271-283.  
 121.  Nuutila, A (1970) Dystrophia retinae pigmentosa--dysacusis syndrome (DRD): a study of the Usher- or 
Hallgren syndrome. J.Genet.Hum. 18: 57-88.  
 122.  Osako, S and Hilding, DA (1971) Electron microscopic studies of capillary permeability in normal and 
ames waltzer deaf mice. Acta Otolaryngol. 71: 365-376.  
 123.  Otterstedde, CR; Spandau, U; Blankenagel, A; Kimberling, WJ and Reisser, C (2001) A new clinical 
classification for Usher's syndrome based on a new subtype of Usher's syndrome type I. 
Laryngoscope 111: 84-86.  
 124.  Ouyang, XM; Xia, XJ; Verpy, E; Du, LL; Pandya, A; Petit, C; Balkany, T; Nance, WE and Liu, XZ 
(2002) Mutations in the alternatively spliced exons of USH1C cause non-syndromic recessive 
deafness. Hum.Genet. 111: 26-30.  
 125.  Overduin, M; Harvey, TS; Bagby, S; Tong, KI; Yau, P; Takeichi, M and Ikura, M (1995) Solution 
structure of the epithelial cadherin domain responsible for selective cell adhesion. Science 267: 
386-389.  
 126.  Pakarinen, L; Karjalainen, S; Simola, KO; Laippala, P and Kaitalo, H (1995) Usher's syndrome type 3 
in Finland. Laryngoscope 105: 613-617.  
 127.  Pakarinen, L; Tuppurainen, K; Laippala, P; Mantyjarvi, M and Puhakka, H (1995) The 
ophthalmological course of Usher syndrome type III. Int.Ophthalmol. 19: 307-311.  
 128.  Pawlowski, KS; Kikkawa, YS; Wright, CG and Alagramam, KN (2006) Progression of inner ear 
pathology in Ames waltzer mice and the role of protocadherin 15 in hair cell development. 
J.Assoc.Res Otolaryngol. 7: 83-94.  
 129.  Pennings, RJ; Huygen, PL and Cremers, CW (2003) Hearing impairment in Usher syndrome type II. 
Ann.Otol.Rhinol.Laryngol. 112: 825.  
 130.  Pennings, RJ; Huygen, PL; Orten, DJ; Wagenaar, M; van Aarem, A; Kremer, H; Kimberling, WJ; 
Cremers, CW and Deutman, AF (2004) Evaluation of visual impairment in Usher syndrome 1b 
and Usher syndrome 2a. Acta Ophthalmol.Scand. 82: 131-139.  
 131.  Pennings, RJ; Huygen, PL; Weston, MD; van Aarem, A; Wagenaar, M; Kimberling, WJ and Cremers, 
CW (2003) Pure tone hearing thresholds and speech recognition scores in Dutch patients 
carrying mutations in the USH2A gene. Otol.Neurotol. 24: 58-63.  
Chapter 1 
 
 46 
 132.  Petit, C (2001) Usher syndrome: from genetics to pathogenesis. Annu.Rev.Genomics Hum.Genet. 2: 
271-297.  
 133.  Pieke-Dahl, S; Moller, CG; Kelley, PM; Astuto, LM; Cremers, CW; Gorin, MB and Kimberling, WJ 
(2000) Genetic heterogeneity of Usher syndrome type II: localisation to chromosome 5q. 
J.Med.Genet. 37: 256-262.  
 134.  Plantinga, RF; Kleemola, L; Huygen, PL; Joensuu, T; Sankila, EM; Pennings, RJ and Cremers, CW 
(2005) Serial audiometry and speech recognition findings in Finnish Usher syndrome type III 
patients. Audiol.Neurootol. 10: 79-89.  
 135.  Plantinga, RF; Pennings, RJ; Huygen, PL; Sankila, EM; Tuppurainen, K; Kleemola, L; Cremers, CW 
and Deutman, AF (2006) Visual impairment in Finnish Usher syndrome type III. Acta 
Ophthalmol.Scand. 84: 36-41.  
 136.  Probst, FJ; Fridell, RA; Raphael, Y; Saunders, TL; Wang, A; Liang, Y; Morell, RJ; Touchman, JW; 
Lyons, RH; Noben-Trauth, K; Friedman, TB and Camper, SA (1998) Correction of deafness in 
shaker-2 mice by an unconventional myosin in a BAC transgene. Science 280: 1444-1447.  
 137.  Reiners, J; Marker, T; Jurgens, K; Reidel, B and Wolfrum, U (2005) Photoreceptor expression of the 
Usher syndrome type 1 protein protocadherin 15 (USH1F) and its interaction with the scaffold 
protein harmonin (USH1C). Mol.Vis. 11: 347-355.  
 138.  Reiners, J; Nagel-Wolfrum, K; Jurgens, K; Maerker, T and Wolfrum, U (2006) Molecular basis of 
human Usher syndrome: deciphering the meshes of the Usher protein network provides 
insights into the pathomechanisms of the Usher disease. Exp.Eye Res. 83: 97-119.  
 139.  Reiners, J; Reidel, B; El Amraoui, A; Boeda, B; Huber, I; Petit, C and Wolfrum, U (2003) Differential 
distribution of harmonin isoforms and their possible role in Usher-1 protein complexes in 
mammalian photoreceptor cells. Invest.Ophthalmol.Vis.Sci. 44: 5006-5015.  
 140.  Rendtorff, ND; Zhu, M; Fagerheim, T; Antal, TL; Jones, M; Teslovich, TM; Gillanders, EM; Barmada, 
M; Teig, E; Trent, JM; Friderici, KH; Stephan, DA and Tranebjaerg, L (2006) A novel 
missense mutation in ACTG1 causes dominant deafness in a Norwegian DFNA20/26 family, 
but ACTG1 mutations are not frequent among families with hereditary hearing impairment. 
Eur.J.Hum.Genet. 14: 1097-1105.  
 141.  Rivolta, C; Sweklo, EA; Berson, EL and Dryja, TP (2000) Missense mutation in the USH2A gene: 
association with recessive retinitis pigmentosa without hearing loss. Am.J.Hum.Genet. 66: 
1975-1978.  
 142.  Rosenberg, T; Haim, M; Hauch, AM and Parving, A (1997) The prevalence of Usher syndrome and 
other retinal dystrophy-hearing impairment associations. Clin.Genet. 51: 314-321.  
 143.  Rouget-Quermalet, V; Giustiniani, J; Marie-Cardine, A; Beaud, G; Besnard, F; Loyaux, D; Ferrara, P; 
Leroy, K; Shimizu, N; Gaulard, P; Bensussan, A and Schmitt, C (2006) Protocadherin 15 
(PCDH15): a new secreted isoform and a potential marker for NK/T cell lymphomas. 
Oncogene 25: 2807-2811.  
 144.  Sadeghi, AM; Eriksson, K; Kimberling, WJ; Sjostrom, A and Moller, C (2006) Longterm visual 
prognosis in Usher syndrome types 1 and 2. Acta Ophthalmol.Scand. 84: 537-544.  
 145.  Sadeghi, M; Cohn, ES; Kimberling, WJ; Tranebjaerg, L and Moller, C (2005) Audiological and 
vestibular features in affected subjects with USH3: a genotype/phenotype correlation. 
Int.J.Audiol. 44: 307-316.  
General introduction 
 
 47 
 146.  Sankila, EM; Pakarinen, L; Kaariainen, H; Aittomaki, K; Karjalainen, S; Sistonen, P and de la 
Chapelle, A (1995) Assignment of an Usher syndrome type III (USH3) gene to chromosome 
3q. Hum.Mol.Genet. 4: 93-98.  
 147.  Saouda, M; Mansour, A; Bou, MY; El Zir, E; Mustapha, M; Chaib, H; Nehme, A; Megarbane, A; 
Loiselet, J; Petit, C and Slim, R (1998) The Usher syndrome in the Lebanese population and 
further refinement of the USH2A candidate region. Hum.Genet. 103: 193-198.  
 148.  Schaefer, GB; Bodensteiner, JB; Thompson, JN, Jr.; Kimberling, WJ and Craft, JM (1998) Volumetric 
neuroimaging in Usher syndrome: evidence of global involvement. Am.J.Med.Genet. 79: 1-4.  
 149.  Seiler, C; Finger-Baier, KC; Rinner, O; Makhankov, YV; Schwarz, H; Neuhauss, SC and Nicolson, T 
(2005) Duplicated genes with split functions: independent roles of protocadherin15 
orthologues in zebrafish hearing and vision. Development 132: 615-623.  
 150.  Senften, M; Schwander, M; Kazmierczak, P; Lillo, C; Shin, JB; Hasson, T; Geleoc, GS; Gillespie, PG; 
Williams, D; Holt, JR and Muller, U (2006) Physical and functional interaction between 
protocadherin 15 and myosin VIIa in mechanosensory hair cells. J.Neurosci. 26: 2060-2071.  
 151.  Sher, AE (1971) The embryonic and postnatal development of the inner ear of the mouse. Acta 
Otolaryngol.Suppl. 285: 1-77.  
 152.  Siemens, J; Kazmierczak, P; Reynolds, A; Sticker, M; Littlewood-Evans, A and Muller, U (2002) The 
Usher syndrome proteins cadherin 23 and harmonin form a complex by means of PDZ-domain 
interactions. Proc.Natl.Acad.Sci.U.S.A 99: 14946-14951.  
 153.  Siemens, J; Lillo, C; Dumont, RA; Reynolds, A; Williams, DS; Gillespie, PG and Muller, U (2004) 
Cadherin 23 is a component of the tip link in hair-cell stereocilia. Nature 428: 950-955.  
 154.  Skradski, SL; Clark, AM; Jiang, H; White, HS; Fu, YH and Ptacek, LJ (2001) A novel gene causing a 
mendelian audiogenic mouse epilepsy. Neuron 31: 537-544.  
 155.  Smith, RJ; Berlin, CI; Hejtmancik, JF; Keats, BJ; Kimberling, WJ; Lewis, RA; Moller, CG; Pelias, MZ 
and Tranebjaerg, L (1994) Clinical diagnosis of the Usher syndromes. Usher Syndrome 
Consortium. Am.J.Med.Genet. 50: 32-38.  
 156.  Smith, RJ; Lee, EC; Kimberling, WJ; Daiger, SP; Pelias, MZ; Keats, BJ; Jay, M; Bird, A; Reardon, W; 
Guest, M; Ayyagari, R and Hejtmancik, JF (1992) Localization of two genes for Usher 
syndrome type I to chromosome 11. Genomics 14: 995-1002.  
 157.  Sollner, C; Rauch, GJ; Siemens, J; Geisler, R; Schuster, SC; Muller, U and Nicolson, T (2004) 
Mutations in cadherin 23 affect tip links in zebrafish sensory hair cells. Nature 428: 955-959.  
 158.  Spandau, UH and Rohrschneider, K (2002) Prevalence and geographical distribution of Usher 
syndrome in Germany. Graefes Arch.Clin.Exp.Ophthalmol. 240: 495-498.  
 159.  Sudol, M (1998) From Src Homology domains to other signalling modules: proposal of the 'protein 
recognition code'. Oncogene 17: 1469-1474.  
 160.  Takeichi, M; Hatta, K; Nose, A and Nagafuchi, A (1988) Identification of a gene family of cadherin cell 
adhesion molecules. Cell Differ.Dev. 25 Suppl: 91-94.  
 161.  Tamayo, ML; Bernal, JE; Tamayo, GE; Frias, JL; Alvira, G; Vergara, O; Rodriguez, V; Uribe, JI and 
Silva, JC (1991) Usher syndrome: results of a screening program in Colombia. Clin.Genet. 40: 
304-311.  
Chapter 1 
 
 48 
 162.  Tlili, A; Charfedine, I; Lahmar, I; Benzina, Z; Mohamed, BA; Weil, D; Idriss, N; Drira, M; Masmoudi, 
S and Ayadi, H (2005) Identification of a novel frameshift mutation in the DFNB31/WHRN 
gene in a Tunisian consanguineous family with hereditary non-syndromic recessive hearing 
loss. Hum.Mutat. 25: 503.  
 163.  Todi, SV; Franke, JD; Kiehart, DP and Eberl, DF (2005) Myosin VIIA defects, which underlie the 
Usher 1B syndrome in humans, lead to deafness in Drosophila. Curr.Biol. 15: 862-868.  
 164.  Tsacopoulos, M and Magistretti, PJ (1996) Metabolic coupling between glia and neurons. J.Neurosci. 
16: 877-885.  
 165.  Tsilou, ET; Rubin, BI; Caruso, RC; Reed, GF; Pikus, A; Hejtmancik, JF; Iwata, F; Redman, JB and 
Kaiser-Kupfer, MI (2002) Usher syndrome clinical types I and II: could ocular symptoms and 
signs differentiate between the two types? Acta Ophthalmol.Scand. 80: 196-201.  
 166.  Usher, CH (1935) Bowman Lecture: On a few hereditary eye affections. Trans Ophthalmol.Soc.UK  
164-245.  
 167.  van Aarem, A; Pinckers, AJ; Kimberling, WJ; Huygen, PL; Bleeker-Wagemakers, EM and Cremers, 
CW (1996) Stable and progressive hearing loss in type 2A Usher's syndrome. 
Ann.Otol.Rhinol.Laryngol. 105: 962-967.  
 168.  van Wijk, E; Krieger, E; Kemperman, MH; De Leenheer, EM; Huygen, PL; Cremers, CW; Cremers, FP 
and Kremer, H (2003) A mutation in the gamma actin 1 (ACTG1) gene causes autosomal 
dominant hearing loss (DFNA20/26). J.Med.Genet. 40: 879-884.  
 169.  Verpy, E; Leibovici, M; Zwaenepoel, I; Liu, XZ; Gal, A; Salem, N; Mansour, A; Blanchard, S; 
Kobayashi, I; Keats, BJ; Slim, R and Petit, C (2000) A defect in harmonin, a PDZ domain-
containing protein expressed in the inner ear sensory hair cells, underlies Usher syndrome type 
1C. Nat.Genet. 26: 51-55.  
 170.  Von Graefe, A (1858) Exceptionelles Verhalten des Gesichtsfeldes bei Pigmententartung der Netzhaut. 
Archiv für Ophthalmologie 4: 250-253.  
 171.  Wagenaar, M; van Aarem, A; Huygen, P; Pieke-Dahl, S; Kimberling, W and Cremers, C (1999) 
Hearing impairment related to age in Usher syndrome types 1B and 2A. 
Arch.Otolaryngol.Head Neck Surg. 125: 441-445.  
 172.  Wayne, S; Der, K, V; Schloss, M; Polomeno, R; Scott, DA; Hejtmancik, JF; Sheffield, VC and Smith, 
RJ (1996) Localization of the Usher syndrome type ID gene (Ush1D) to chromosome 10. 
Hum.Mol.Genet. 5: 1689-1692.  
 173.  Weil, D; Blanchard, S; Kaplan, J; Guilford, P; Gibson, F; Walsh, J; Mburu, P; Varela, A; Levilliers, J; 
Weston, MD; Kelley, PM; Kimberling, WJ; Wagenaar, M.; Levi-Acobas, F; Larget-Piet, D; 
Munnich, A; Steel, KP; Brown, SD and Petit, C (1995) Defective myosin VIIA gene 
responsible for Usher syndrome type 1B. Nature 374: 60-61.  
 174.  Weil, D; El Amraoui, A; Masmoudi, S; Mustapha, M; Kikkawa, Y; Laine, S; Delmaghani, S; Adato, A; 
Nadifi, S; Zina, ZB; Hamel, C; Gal, A; Ayadi, H; Yonekawa, H and Petit, C (2003) Usher 
syndrome type I G (USH1G) is caused by mutations in the gene encoding SANS, a protein that 
associates with the USH1C protein, harmonin. Hum.Mol.Genet. 12: 463-471.  
 175.  Weil, D; Levy, G; Sahly, I; Levi-Acobas, F; Blanchard, S; El Amraoui, A; Crozet, F; Philippe, H; 
Abitbol, M and Petit, C (1996) Human myosin VIIA responsible for the Usher 1B syndrome: a 
predicted membrane-associated motor protein expressed in developing sensory epithelia. 
Proc.Natl.Acad.Sci.U.S.A 93: 3232-3237.  
General introduction 
 
 49 
 176.  Weston, MD; Luijendijk, MW; Humphrey, KD; Moller, C and Kimberling, WJ (2004) Mutations in the 
VLGR1 gene implicate G-protein signalling in the pathogenesis of Usher syndrome type II. 
Am.J.Hum.Genet. 74: 357-366.  
 177.  Wolfrum, U; Liu, X; Schmitt, A; Udovichenko, IP and Williams, DS (1998) Myosin VIIa as a common 
component of cilia and microvilli. Cell Motil.Cytoskeleton 40: 261-271.  
 178.  Yagi, H; Takamura, Y; Yoneda, T; Konno, D; Akagi, Y; Yoshida, K and Sato, M (2005) Vlgr1 
knockout mice show audiogenic seizure susceptibility. J.Neurochem. 92: 191-202.  
 179.  Yagi, H; Tokano, H; Maeda, M; Takabayashi, T; Nagano, T; Kiyama, H; Fujieda, S; Kitamura, K and 
Sato, M (2007) Vlgr1 is required for proper stereocilia maturation of cochlear hair cells. Genes 
Cells 12: 235-250.  
 180.  Yang, J; Liu, X; Adamian, M; Pawlyk, BS; Sun, X; McMillan, DR; White, PC; Liberman, MC and Li, 
T (2008) N-Terminal mutation of whirlin disrupts the Usher syndrome II (USH2) protein 
complex and causes retinal and inner ear defects in mice. ARVO abstract #4405.  
 181.  Zheng, L; Sekerkova, G; Vranich, K; Tilney, LG; Mugnaini, E and Bartles, JR (2000) The deaf jerker 
mouse has a mutation in the gene encoding the espin actin-bundling proteins of hair cell 
stereocilia and lacks espins. Cell 102: 377-385.  
 182.  Zheng, QY; Yan, D; Ouyang, XM; Du, LL; Yu, H; Chang, B; Johnson, KR and Liu, XZ (2005) Digenic 
inheritance of deafness caused by mutations in genes encoding cadherin 23 and protocadherin 
15 in mice and humans. Hum.Mol.Genet. 14: 103-111.  
 183.  Zhu, M; Yang, T; Wei, S; DeWan, AT; Morell, RJ; Elfenbein, JL; Fisher, RA; Leal, SM; Smith, RJ and 
Friderici, KH (2003) Mutations in the gamma-actin gene (ACTG1) are associated with 
dominant progressive deafness (DFNA20/26). Am.J.Hum.Genet. 73: 1082-1091.  
 184.  Zina, ZB; Masmoudi, S; Ayadi, H; Chaker, F; Ghorbel, AM; Drira, M and Petit, C (2001) From 
DFNB2 to Usher syndrome: variable expressivity of the same disease. Am.J.Med.Genet. 101: 
181-183.  
 185.  Zine, A; Van De Water, TR and de Ribaupierre, F (2000) Notch signalling regulates the pattern of 
auditory hair cell differentiation in mammals. Development 127: 3373-3383 
 
 
 
 
 
 
 
 
 
 
Chapter 1 
 
 50 
. 
  51 
         CHAPTER 2 
 
 
Identification of 51 novel exons of the Usher syndrome 
type 2A (USH2A) gene that encode multiple conserved 
functional domains and that are mutated  
in patients with Usher syndrome type II  
 
Erwin van Wijk
1
, Ronald J.E. Pennings
1
, Heleen te Brinke
1
, Annemarie Claassen
2
, Helger G. 
Yntema
2
, Lies H. Hoefsloot
2
, Frans P.M. Cremers
2
, Cor W.R.J. Cremers
1
 and Hannie 
Kremer
1
  
 
Department of 
1
Otorhinolaryngology and 
2
Human Genetics, University Medical Centre 
Nijmegen, Nijmegen, The Netherlands. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
American Journal of Human Genetics 74 (4): 738-744 (2004) 
  52 
Identification of novel USH2A exons 
 
 53 
Abstract 
The USH2A gene is mutated in patients with Usher syndrome type IIa which is the 
most common subtype of Usher syndrome and characterized by hearing loss and retinitis 
pigmentosa (RP). Since mutation analysis by DNA sequencing of exons 1 - 21 revealed only 
about 63% of the expected USH2A mutations, we searched for so far uncharacterized exons of 
the gene. We identified 51 novel exons at the 3’ end of the gene and we obtained indications 
for alternative splicing. The putative protein encoded by the longest open reading frame 
harbours, in addition to the known functional domains, 2 laminin G and 28 fibronectin type 
III repeats and a transmembrane region followed by an intracellular domain with a PDZ-
binding domain at its C-terminal end. Semi-quantitative expression profile analysis suggested 
a low level of expression for both the long and the short isoform(s) and partial overlap in 
spatial and temporal expression pattern. Mutation analysis in 12 unrelated Usher syndrome 
patients with one mutation in the exons 1-21, revealed three different truncating mutations in 
four patients and two missense mutations in one patient. The presence of pathogenic 
mutations in the novel exons indicate that at least one of the putative long isoform(s) of the 
USHA protein plays a role in both hearing and vision. 
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Usher syndrome is the most common cause of deaf-blindness 
18
. Patients present with 
sensorineural hearing loss and retinitis pigmentosa (RP) with or without vestibular 
impairment. Based on the severity and progression of the hearing loss, the age of onset of RP 
and the presence or absence of vestibular impairment, three clinical subtypes are 
distinguished which are genetically heterogeneous 
2,32
 (and references therein). Also, a 
minority of the patients are described as atypical because their phenotype does not fall within 
one of the three types 
20
.  
 The USH2A gene is mutated in patients with Usher syndrome type IIa (MIM 276900), 
in some patients with atypical Usher syndrome and in a small part of patients with autosomal 
recessive RP 
1,4,12,16,26,34
. The gene was described to consist of 21 exons that span about 250 
kb of genomic DNA at chromosome 1q41 
1,12,16,26,34
; UCSC Genome Bioinformatics, Human 
Genome Browser, freeze July 2003). The encoded protein was predicted to consist of 1546 
amino acids containing an N-terminal signal sequence and conserved functional domains that 
are commonly seen in extracellular proteins or in extracellular domains of proteins and that 
are involved in protein-protein interactions including interactions with other components of 
the extracellular matrix. The USH2A protein, also called usherin, was shown to interact with 
type IV collagen and to be part of basement membranes in cochlea, retina and several other 
tissues 
6,12,34
.  
Usher syndrome type II seems to be the most common type of Usher syndrome 
12
. In 
epidemiologic studies the ratio between Usher syndrome type I and II varies between 2:3 to 
1:2 although there is a bias towards the western European population in the studies 
24,27,33
. In 
specific populations such as the Finnish population, the Ashkenazi Jews or the Acadian 
population in southwestern Louisiana  specific subtypes of Usher syndrome can be relatively 
frequent due to founder effects 
15,19,21
. Based on mutation analysis, the USH2A gene is thought 
to be causative in 74-90 % of cases with Usher syndrome type 2 
11,23,34 
and thus Usher 
syndrome type IIa is the most common subtype of Usher syndrome.   
By sequence analysis of all 21 known exons and exon-intron boundaries in patients 
with Usher syndrome type II we could detect only about 63% of the mutant USH2A alleles 
23
. 
Although no alternative splicing or alternative sites for poly-adenylation were reported, 
Northern blots showed transcripts of several sizes, both shorter and longer than the known 
cDNAs 
12,14
. Based on these results and exon predictions presented in the Human Genome 
Browser (freeze April 2003) we searched for as yet uncharacterized regions of the gene.  
We developed 3 sets of primers in predicted exons 3’of exon 21 with the Primer 3 
program 
28
. RT-PCR was performed on RNA derived from the retinoblastoma cell line Y79 
(American Type Culture Collection), human fetal cochlea and human adult retina. The RNA 
was isolated according to Chirgwin et al. 
10
 and treated with DNAse I (Invitrogen). Synthesis 
of cDNA was performed with random hexanucleotides as primers according to Luijendijk et 
al. 
17
. Only after nested PCR, specific bands were seen on agarose gel (data not shown). PCR 
fragments were purified from gel using the QIAquick gel extraction kit (Qiagen) and 
sequenced with the ABI PRISM Big Dye Terminator Cycle Sequencing V2.0 kit (Applied 
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Biosystems) and the ABI PRISM 3730 DNA analyzer (Applied Biosystems). This revealed 
that at least part of the predicted exons are transcribed. Moreover, we could amplify a 
fragment with forward primers in the known exon 20 and reverse primers in the novel exon 
22 strongly suggesting that at the 3’ end, the USH2A gene was much larger than previously 
published. To further investigate which of the predicted exons are indeed transcribed and to 
find exons that are not predicted by gene prediction programs, forward and reverse primers 
were designed for a large number of predicted exons and RT-PCR and subsequent nested 
PCR were performed on RNA isolated from retinoblastoma cells of the Y79 cell line. 
Fragments were isolated from agarose gels and sequenced. Based on the obtained results, 
primers were chosen to amplify larger and overlapping cDNA fragments encompassing the 
exons 17-29, 20-33, 30-44, 41-53, 49-63, 61-65, 63-70, and 66-72 from human retina 
Marathon-Ready cDNA (Clontech) according to the manufacturers protocol. Sequence 
analysis revealed that indeed overlapping cDNA fragments were amplified and 51 novel 
exons were identified. The coding sequence of exon 21 was shown to be 14 base pairs (bp) 
shorter in the long transcript(s) when compared to the short transcript that was previously 
described 
12,34
 and thereby the termination codon in exon 21 is excluded from the long 
transcript(s). To characterize the 3’ end of the gene a 3’ RACE was performed using the retina 
Marathon-Ready cDNA (Clontech), the Advantage cDNA Polymerase Kit (Clontech) and a 
nested gene-specific forward primer and the Marathon-AP1 primer as the reverse primer 
according to the manufacturers protocol. The resulting PCR product was isolated from 
agarose gel and directly cloned in the pCR4-TOPO vector using the TOPO TA Cloning kit 
(Invitrogen). Clones were screened by performing internal PCR reactions from exon 70 to 
exon 71 and from exon 70 to exon 72. Sequence analysis of one of the positive clones 
revealed an in frame termination codon in exon 72 and 2888 bp of 3’ untranslated region 
(UTR). The longest open reading frame extends from exon 2 to exon 72 encoding a putative 
protein of 5202 amino acids. The USH2A gene now spans about 790 kb of genomic DNA and 
the 3’ UTR ends only about 4 kb distal to the KCTD3 gene (potassium channel 
tetramerisation domain containing 3) (UCSC Genome Bioinformatics, Human Genome 
Browser, freeze July 2003). The cDNA sequence encompassing the longest open reading 
frame has been deposited in Genbank (accession number AY481573). The sequence of the 5’-
UTR and of exons 1 – 20 was derived from the previously published sequence of the known 
USH2A gene (GenBank accession number NM_007123).  
Besides the alternative splicing in exon 21, RT-PCR on retina Marathon-Ready cDNA 
provided evidence for alternative splicing leading to skipping of exon 42, exons 50 to 52, and 
exon 62. The alternative splicing of exon 62 is also seen in the retinoblastoma cells.  Only the 
skipping of exon 42 leads to interruption of the reading frame. Additional studies are needed 
to get insight into the functional significance of the detected alternative splicing and when 
adequate to fully characterize all the alternative transcripts and their spatial and temporal 
distribution. 
 
Chapter 2 
 
 56 
 
Figure 1. Schematic representation of the USH2A protein structure. (A) The previously described short isoform 
is depicted. (B) The putative, long isoform corresponding to the longest open reading frame is shown. Novel 
mutations in the long isoform are depicted. 
 
The putative protein of 5202 amino acid residues encoded by the longest open reading 
frame, has a predicted molecular weight of 576 kD. When the predicted amino acid sequence 
is analysed with the Pfam software (Pfam Home Page) 
3
  a protein appears that consists of the 
already described combination of a domain that is homologous to all three a thrombospondin 
N-terminal-like domain (TSPN), a laminin G-like (LamGL) and a pentaxin (PTX) domain, in 
addition to a laminin N-terminal (LamNT) domain, 10 laminin-type EGF-like (LE) repeats 
and 4 fibronectin type III (FN3) repeats 
12,34
 (fig. 1A) and in addition 2 laminin G (LamG) and 
28 FN3 repeats (fig. 1B). Between FN3 repeats 13 an 14 there is a partial FN3 domain and a 
stretch of about 350 amino acids that has no significant homology to any known domain (fig 
1B). The TMHMM software predicts with high significance the presence of an outside-in 
transmembrane region (residues 5041-5063) C-terminal of the 28 FN3 repeats, followed by an 
intracellular domain of 139 amino acids with a type I PDZ-binding domain (DTHL) 
29
 at its 
C-terminal end (fig. 1B). This indicates that the longest putative USH2A protein is a 
transmembrane protein. Skipping of exon 42 is predicted to result in an isoform of 2742 
amino acids that contains 2 LamGL and 8 FN3 repeats in addition to the already known 
USH2A protein domains. Skipping of exons 50 - 52 or exon 62 does not interrupt the reading 
frame but can be predicted to lead to protein isoforms without the residues 3247 - 3462 or 
4023 - 4098, respectively. Residues 3247 - 3462 encode most of the region between FN3 
repeat 13 and 14. Deletion of amino acids 4023 - 4098 removes the C-terminal part of an FN3 
repeat and the N-terminal part of the following one, leading to an isoform that is one FN3 
repeat shorter.  
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Figure 2. Expression profile analysis by semiquantitative RT-PCR analysis of USH2A.  (A) RT-PCR specific 
for the transcript encoding the short isoform. (B) RT-PCR specific for transcript(s) encoding the long 
isoform(s). Samples were taken after 25, 30 and 35 cycles. The RNA used for RT-PCR analyses was derived 
from different fetal tissues, (1) eye, (2) cochlea, (3) brain, (4) central nervous system, (5) stomach, (6) intestine, 
(7) skeleton, (8) heart, (9) tongue, (10) kidney, (11) lung and (12) liver, and adult tissues (1) retina, (2) RPE-
choroid, (3) cornea, (4) brain, (5) skeletal muscle, (6) heart, (7) kidney, (8) lung, (9) liver and (10) testis. 
Expression of the short isoform was detected in several fetal and adult tissues whereas expression of the long 
isoform was only detected in adult retina (predominantly), heart and kidney. 
 
Expression was studied for both the short and the long isoforms in fetal and adult 
tissues. A semi-quantitative RT-PCR was performed as described by Luijendijk et al. 
17
 and 
10 μl aliquots were taken after 25, 30 and 35 PCR cycles. For the short isoform, primers were 
designed in exon 20 and in the 3’ UTR of exon 21. In fetal tissues bands were visible on 
agarose gel only after 35 PCR cycles and were strongest in eye, cochlea and heart (fig 2A). 
Weak bands were seen in brain, central nervous system, intestine, skeleton, tongue, kidney 
and lung. No expression was detectable in stomach and liver. In adult tissues the highest 
expression was seen in neural retina, already visible after 25 cycles (fig 2A). In testis and 
RPE-choroid expression was seen after 30 cycles. In brain, heart, kidney and liver expression 
was only seen after 35 cycles. The expression in RPE-choroid might be due to contamination 
with cells of the neural retina since RPE-choroid is extremely difficult to isolate without any 
remains of neural retina. Expression of the long isoform(s) was tested using primers in exons 
40 and 41 (fig 2B) and primers in the exons 59 and 60 (data not shown). The two primer 
combinations revealed the same expression pattern. No expression was detected in fetal 
tissues after 35 PCR cycles (fig 2B). Expression of the long isoform was, as was seen for the 
short transcript, highest in adult neural retina and was visible after 25 PCR cycles. Only after 
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30 cycles, expression was detectable in heart and kidney. We can conclude that in fetal tissues 
and in adult tissues other than retina USH2A transcipts are not abundant which is especially 
true for the transcripts encoding the long isoform(s) 
12,14
. For testis, RT-PCR suggests 
differential expression since a clear fragment was only seen for the short transcript. Although 
not detected in expression profiling, there is very low expression of the long isoform(s) in 
fetal cochlea since several fragments could be amplified by nested PCR. Comparison of our 
data with previous data on USH2A expression is difficult since previous studies do not 
discriminate between the long and the short isoforms. However, highest expression of USH2A 
in retina is in agreement with the results of Huang et al. 
14
 who analyzed USH2A transcripts in 
adult mouse and rat tissues and of Eudy et al. 
12
 who studied some fetal human tissues 
including eye 
12,14
. 
To address the question whether the putative, long USH2A protein is essential for 
normal functioning of the cochlea and the retina, we sequenced the protein coding parts and 
flanking intron sequences of exons 22 - 72 as described above in 2 unrelated familial and 10 
isolated Dutch USH2 cases in which only one pathogenic mutation was detected after 
sequencing exons 1 - 21 
23
. The study was approved by the local ethics committee and 
informed consent was obtained from all patients and healthy family members. In 4 patients a 
truncating mutation was detected in the novel 3’ region of the gene (fig 3). The c.11864G>A 
substitution in exon 61 introduces a termination codon (p.Trp3955Ter) in the patients 20608 
and 20662. The former patient was already known to carry the c.949C>A (p.Arg317Arg) 
mutation which is predicted to create an additional 5’ splice site in exon 5. The latter patient 
carries the p.Cys419Phe (c.1256G>T) mutation in addition to the p.Trp3955Ter mutation. A 
nonsense mutation, c.14525C>A (p.Ser4842Ter) in exon 66, was found in patient 20625 
heterozygous for the c.2299delG (p.Glu767fs) mutation. In patient 20599, who was also 
previously found to be heterozygous for the c.2299delG (p.Glu767fs) mutation, a deletion of a 
TG dinucleotide in exon 44 is predicted to cause a frameshift (p.Val2908fs). Two missense 
mutations in exon 63, p.Arg4115Cys and p.Thr4425Met, were found on the same allele in 
patient 20609 who in addition carries the p.Cys419Phe mutation (fig 3). None of the five 
mutations were found in 94 ethnically matched control samples. DNA samples of additional 
family members were available for two of the patients to prove that the identified nucleotide 
changes were not located on the same allele as the previously detected mutations. For patient 
20608 we could show by sequence analysis that the c.949C>A mutation is derived from the 
mother and the c.11864G>A mutation from the father (data not shown). In a healthy son of 
patient 20662 we detected the c.1256G>T mutation but not the c.11864G>A mutation 
indicating that these mutations are not part of a complex USH2A allele. To prove the 
pathogenicity of one of the two, or the combination of the two amino acid substitutions 
segregation analysis in family members and functional studies are needed. The presence of 
pathogenic mutations in the novel exons of the USH2A gene indicate the functional 
significance of at least one of the long isoform(s) of the USH2A protein for normal 
functioning of the cochlea and retina. This is further corroborated by a mouse cDNA clone 
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(GenBank accession number AK044734), derived from retina, that encodes a peptide with 69 
% identity to the putative long human USH2A isoform(s). Also, in the syntenic region of both 
mouse and rat, exons are predicted which encode FN3 repeats (UCSC Genome 
Bioinformatics, Mouse Genome Browser (freeze February 2003), Rat Genome Browser 
(freeze June 2003). 
Sequencing exons and exon-intron boundaries of other large genes involved in 
autosomal recessive diseases which display a high allelic heterogeneity such as the ABCA4 
gene, detected about 80% of the mutations 
30
. By sequencing exons 1 to 21 we identified 
about 63% of the mutated USH2A alleles 
23
. From this we can deduce that not more than 
about 20% of the mutations in patients with Usher syndrome type IIa are expected to be in the 
novel exons.  
We showed that mutations in the long isoform(s) of USH2A can be causative for 
Usher syndrome in combination with a mutation in exons 1 to 21. The question remains 
whether two alleles with a mutation in the novel exons also lead to Usher syndrome. 
Symptoms due to defects in other organs might occur since USH2A transcripts encoding the 
long isoform(s) are present in heart and kidney. Also, the USH2A protein was shown to be 
present in several organs in addition to retina and cochlea using antibodies that are likely to 
detect both the short and the long isoforms 
6,22
. Alternatively, this genotype might lead to 
nonsyndromic hearing loss or RP. Interestingly, the p.Cys759Phe amino acid stubstitution 
was found to be homozygously present in patients with RP but also in non-symptomatic 
individuals 
4,26
. This might suggest that this mutation is a polymorphism which is linked to a 
so far unknown mutation in one of the novel 3’exons of the gene in the RP patients and that 
two mutations in the long isoform cause nonsyndromic RP. This is in agreement with the very 
low transcript levels of the long isoform(s) in cochlea. 
 The combination of domains predicted for the USH2A isoforms is not present in any 
other protein (Pfam Home Page) 
3
 which might suggest unique functions. The previously 
known short isoform is an extracellular protein. The interaction of mainly LE domains in 
USH2A, also present in this short isoform, with collagen IV is suggested to stabilize the 
USH2A protein in the basement membrane 
5. The identification of the 3’exons encoding the 
putative long USH2A isoform(s) of which at least part have an intracellular domain, reveals 
new opportunities to study the function of the USH2A gene. Interestingly, the CDH23 gene is 
involved in Usher syndrome I and encodes a protein that is, as are the long putative isoforms 
of USH2A, composed of a large extracellular region and a transmembrane region followed by 
an intracellular domain with a PDZ-binding domain at its C-terminal end 
8,9,31
. CDH23 
interacts with harmonin through its PDZ-binding domain and is suggested to be part of a 
protein complex necessary for the development of the hair cell stereocilia in the inner ear 
7
. 
Mutations in genes encoding other components of this complex such as harmonin, myosin 
VIIa and sans, also can be causative for Usher syndrome type I 
2
 (and references therein). 
This illustrates that, besides providing new handles for studying USH2A function, the long 
isoform(s) of USH2A might guide us to a protein complex of which other components could 
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be defective in Usher syndrome type II. So far, two other loci are known for Usher syndrome 
type II for which the causative gene has not yet been identified 
13,25
.  
 
 
 
Figure 3. Mutations in the novel exons of the USH2A gene. In each panel, the upper sequence pane shows the 
heterozygous mutation in the patient. The lower pane depicts the wildtype sequence. 
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Abstract 
 
Usher syndrome (USH) is the most frequent cause of combined deaf-blindness in man. 
USH is clinically and genetically heterogeneous with at least 11 chromosomal loci assigned to 
the three USH types (USH1a-g,USH2a-c, USH3a). Although the different USH types exhibit 
almost the same phenotype in human, the identified USH genes encode for proteins which 
belong to very different protein classes and families. We and others recently reported that the 
scaffold protein harmonin (USH1C-gene product) integrates all identified USH1 molecules in 
a USH1-protein network. Here, we investigated the relationship between the USH2 molecules 
and this USH1-protein network. We show a molecular interaction between the scaffold 
protein harmonin (USH1c) and the USH2A protein, VLGR1 (USH2c) and the candidate for 
USH2b, NBC3. We pinpoint these interactions to interactions between the PDZ1 domain of 
harmonin and the PDZ-binding motifs at the C-termini of the USH2 proteins and NBC3. We 
demonstrate that USH2A, VLGR1 and NBC3 are co-expressed with the USH1-protein 
harmonin in the synaptic terminals of both retinal photoreceptors and inner ear hair cells. In 
hair cells, these USH proteins are also localized in the signal uptaking stereocilia. Our data 
indicate that the USH2 proteins and NBC3 are further partners in the supramolecular USH-
protein network in the retina and inner ear which shed new light on the function of USH2 
proteins and the entire USH-protein network. These findings provide first evidence for a 
molecular linkage between the pathophysiology in USH1 and USH2. The organization of 
USH molecules in a mutual ‘interactome’ related to the disease can explain the common 
phenotype in USH. 
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Introduction 
 
Usher syndrome (USH) is an autosomal recessive disorder characterized by combined 
hearing loss and retinal degeneration. Three USH types (USH1–USH3) are distinguished 
mainly on the basis of the severity and progression of the clinical symptoms 
3,10,26
. In patients 
with USH1, profound congenital deafness and vestibular dysfunction are combined with 
retinitis pigmentosa (RP). In USH2, the most frequent type, the congenital hearing loss is 
milder, the onset of RP is slightly later and vestibular function is normal. USH3 is relatively 
rare and characterized by progressive hearing loss with variable vestibular dysfunction 
3,10,26
. 
The gene products of the identified USH genes belong to different protein classes and 
families. Known USH1 molecules are the molecular motor myosin VIIa (USH1b), the two 
cell–cell adhesion proteins, cadherin 23 (USH1d) and protocadherin 15 (PCDH15, USH1f) 
and the scaffold proteins, harmonin (USH1c) and SANS (scaffold protein containing ankyrin 
repeats and SAM domain, USH1g). Molecular analysis of USH1 protein function revealed 
that all five USH1 proteins are integrated in a protein network by binding to protein-protein 
interaction domains, in particular to the PDZ domains of the USH1c-protein harmonin (Fig. 
1B) 
1,6,29,30,32,36
.In the inner ear, these interactions are the basis for a USH1 network which is 
essential for the differentiation of hair cells and may participate in their signal transduction 
1,6,21,23,29,32,33,36
. In retinal photoreceptor cells, synaptic co-localization of all USH1 proteins 
suggests that these USH1-protein complexes exist at the synaptic terminals 
29,30
. USH2 
comprises three subtypes USH2a–c. USH2A is caused by defects in USH2A, previously 
described as an extracellular matrix protein 
13
. More recently, we identified a novel USH2A 
isoform (isoform b) containing a transmembrane region and a short cytoplasmic part (Fig. 1A) 
35
. The gene defective in USH2c is VLGR1 (very large G-protein coupled receptor1), a 
member of the serpentine G-protein coupled receptor superfamily (Fig. 1A) 
37
. On the basis of 
the combined deaf-blindness phenotype of NBC3-deficient Slc4a7
-/-
 mice, the sodium-
bicarbonate co-transporter gene NBC3 was suggested to be a candidate gene for USH2b (Fig. 
1A) 
7
. Although USH1 and USH2 show clinical similarity, to date no relations between the 
molecular defects were reported. In this study, we demonstrate the integration of USH2A, 
NBC3 and VLGR1b in a USH-protein network. We show that these three proteins bear a C-
terminal PDZ-binding motif (PBM), which specifically binds to the PDZ1 domain of the 
USH1c-protein harmonin. Immunohistochemistry reveals the co-expression of the identified 
interaction partners of the USH-protein network mainly in the stereocilia of the inner ear hair 
cells as well as at the ribbon synapses of cochlear hair cells and retinal photoreceptor cells. 
 
Harmonin provides molecular links between USH1 and USH2 
 
 71 
Materials and methods 
 
Animals 
All experiments using C57BL/6J mice or Wistar rats conformed with the statement by the 
Association for Research in Vision and Ophthalmology (ARVO) as to care and use of animals 
in research.  
 
Constructs for expression of cDNA 
cDNAs for the expression of proteins were obtained by RT–PCR or from EST-clones and 
were sub-cloned into the appropriate expression vectors as previously described 
18,29,31
. The 
human harmonin a1 was derived from the clone ICRFc100D12145Q3 obtained from the 
RZPD Deutsches Ressourcenzentrum für Genomforschung GmbH (Berlin, Germany). The 
numbers of the given amino acids are according to the following GenBank entries. Harmonin 
a1 (mouse), AF228924; harmonin a1 (human), AAH16057; USH2A isoform b (human), 
NP_99681; NBC3 (mouse), BC038373.1; NBC3 (human), NP_003606; VLGR1b, 
NP_115495; Pcdh15 (mouse), AF_281899.  
 
Antibodies and fluorescent dyes 
The antibody against VLGR1b was generated against a part of the cytoplasmic tail, bacterially 
expressed in pDEST15 GST-tag expression vector (Gateway cloning system). Anti-USH2A 
antibodies were generated in rabbits and guinea pig against the FN domains of mouse USH2A 
and against a 139 amino acid fragment of the cytoplasmic tail of human USH2A. Expression 
of the fusion proteins and purification of the antibodies were performed as described 
30
. The 
antibodies against harmonin (H3), NBC3, synaptophysin, NF-200, and centrin (clone 20H5) 
were previously described 
28-30,38,39
. The HA- and Flag-tag antibodies as well as the anti-actin 
antibody were derived from Sigma (Germany). The monoclonal anti-synapsin antibody was 
purchased from Promega (Germany). The secondary antibodies were purchased from 
Molecular Probes (The Netherlands) or Rockland (USA).  
 
Specificity test of anti-USH2A and anti-VLGR1b antibodies  
For denaturing gel electrophoresis, retina homogenates were mixed with SDS-PAGE sample 
buffer (62.5 mM Tris–HCl, pH6.8; 10% glycerol; 2% SDS; 5% mercaptoethanol; 1 mM 
EDTA; 0.025% bromphenol blue). Per lane, 25 mg of protein was separated on 3–8%Tris–
acetate-buffered (125 mM, pH7.0) polyacrylamide gradient gels following the NuPAGE 
system protocol (Invitrogen, Germany) and blotted onto PVDF membranes 
(AmershamBiotech/GE Healthcare, Germany). Immunereactivities were detected on western 
blots, with the appropriate primary antibodies and secondary antibodies coupled to IRDye680 
(donkey-anti-rabbit) or IRDye800 (goat-anti-mouse IgG) employing the Odyssey Infrared 
Imaging System (LI-COR,USA). For the competition experiment, the affinity-purified anti-
USH2A and anti-VLGR1b antibodies were pre-incubated for at least 3 h at room temperature 
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in the presence of 1 mg/ml bacterial expressed antigens used to immunize the rabbits. As a 
molecular marker PeqLab Gold Marker IV (Peqlab, Germany) ranging from 10 to170 kDa 
was used. Band sizes were calculated using the TotalLabsoftware (Phoretics, UK). 
 
GST pull-down assay 
Constructs encoding harmonin domains were PDZ1 (82–168 amino acid), PDZ2 (207–292 
amino acid) and PDZ3 (419–537 amino acid) cloned in the vector pGEX-4T-3 as well as the 
full-length sequence of murine harmonin a1 (1–548 amino acid) cloned in the vector 
pDEST17 (Gateway cloning system, Invitrogen, USA) 
29
. The cDNAs encoding C-terminal 
fragments of USH2 proteins were human USH2A isoform b (5063–5202 amino acid), murine 
NBC3 (702–1255 amino acid) and human VLGR1b (6198–6307 amino acid) were cloned in 
the vectors pDEST17 and pDEST15. The murine Pcdh15 fragment encoding part of the 
intracellular domain consisted (1845–1944 amino acid) was cloned in the vector pDEST17 29. 
Equal amounts of GST or GST-fusion protein were mixed with lysates of His-tagged fusion 
proteins, and the GST pull-down assay was performed as described 
29
. 
 
Co-IP assay 
Human HA-tagged harmonin a1 (1–534 amino acid) was expressed from vector pcDNA3-
HA/DEST (Gateway cloning system). Flag-tagged fragments from the human proteins 
USH2A isoform b (5064–5202 amino acid), NBC3 (1119–1214 amino acid) and VLGR1b 
(6158–6307 amino acid) were expressed by using p3x Flag-CMV/DEST (Gateway cloning 
system). COS-1 cells were transfected by using the Nucleofector kitV (Amaxa, USA) and 
program A-24 according to manufacturer’s instructions. Twenty-four hours after transfection 
cells were washed with PBS and subsequently lysed on ice in lysis buffer [50 mM Tris–HCl, 
pH 7.5, 150 mM NaCl, 0.5% Triton X-100 supplemented with a complete protease inhibitor 
cocktail (Roche, Germany)]. HA-tagged harmonin a1 was immunoprecipitated from cleared 
lysates overnight at 4°C by using anti-HA polyclonal antibody and Protein A/G PLUS-
sepharose (Santa Cruz Biotechnology, USA). After four washes with lysis buffer, the protein 
complexes were analyzed on immunoblots using the Odyssey Infrared Imaging System (LI-
COR, USA). Tagged molecules were detected by anti-HA or anti-Flag monoclonal antibodies.  
 
Fluorescence microscopic analysis of co-transfected COS-1 cells  
To determine the cellular localization in COS-1 cells of the cytoplasmic tails of human 
USH2A isoform b, human VLGR1b and human NBC3 as well as human harmonin a1 without 
coiled-coil 1 (CC1; 299–358 amino acid) domain, we cloned the tails of human USH2A, 
VLGR1b and NBC3 with and without their C-terminal PBMs in pDEST501 (Gateway 
cloning system), resulting in N-terminally fused eCFP-fusion proteins. Harmonin-CC1 was 
cloned in pDEST733 (Gateway cloning system), resulting in an N-terminally fused mRFP-
harmonin-CC1 fusion protein. COS-1 cells were co-transfected with pDEST501-USH2A tails 
(USH2A-139: 5064–5202 amino acid; USH2A-133: 5064–5196 amino acid), pDEST501-
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VLGR1b tails (VLGR1-150: 6158–6307 amino acid; VLGR1-144: 6158–6301 amino acid) or 
pDEST501-NBC3 tails (NBC3-96: 1119–1214 amino acid; NBC3-90: 1119–1208 amino 
acid) together with pDEST733-harmonin-CC1 by using Lipofectamine (Invitrogen) according 
to the manufacturer’s instructions. After 24 h, cells were washed in PBS, fixed with 4% 
paraformaldehyde, mounted with Vectashield containing DAPI (Vector Laboratories Inc., 
UK) and analyzed by epifluorescence microscopy.  
 
Yeast two-hybrid assays 
The GAL4-based yeast two-hybrid system (HybriZAP, Stratagene) was used to identify the 
interactions between harmonin and USH2A, VLGR1b and NBC3 as previously described 
using Gateway-adapted vectors 
18,29,31
. The yeast strain PJ69-4A was used as a host, which 
carried the HIS3 (histidine), ADE2 (adenine), MEL1 (α-galactosidase) and LacZ (β-
galactosidase) reporter genes. Interactions were analyzed by assessment of reporter gene 
activation, using growth on selective media (HIS3 and ADE2 reporter genes), an X-β-gal 
colorimetric plate assay (MEL1 reporter gene) and an X-α-gal colorimetric filter lift assay 
(LacZ reporter gene). Complete human harmonin a1 (1–534 amino acid) was expressed and 
fragments thereof, PDZ1 (72–188 amino acid), PDZ2 (198–311 amino acid) and PDZ3 (422–
534 amino acid). Human USH2A tail fragments were USH2A 1–139 (5064–5202 amino 
acid), USH2A 1–133 (5064–5196 1amino acid) and USH2A 106–139 (5169–5202 amino 
acid). Human NBC3 tail fragments were NBC3 1–96 (1119–1214 amino acid), NBC3 1–90 
(1119–1208 amino acid) and NBC3 70–96 (1188–1214 amino acid). VLGR1b tail fragments 
were VLGR1b 1–150 (6158–6307 amino acid), VLGR1b 1–144 (6158–6301 amino acid) and 
VLGR1b 123–150 (6185–6307 amino acid).  
 
Fluorescence microscopy 
Eyes of adult mice were cryofixed in melting isopentane, cryosectioned and treated as 
described 
30,38
. For cochlear immunocytochemistry, cochleae of postnatal rats (P14) were 
isolated, dissected and fixed as described previously 
19
. Samples were decalcified after 
fixation in Rapid Bone Decalcifier (Fisher-Scientific, Germany). Cryosections and COS-1 
cells labeled by indirect immunofluorescence or fluorescent proteins and counterstained by 
DAPI were imaged with an Olympus AX70, a Zeiss Axioplan2 or a Leica DMRP microscope 
equipped with epifluorescence illumination. In the appropriate control sections, in no case, a 
reaction was observed. Images were obtained with a Hamamatsu ORCAER charge-coupled 
device camera (Hamamatsu, Germany) and processed with Adobe Photoshop (Adobe 
Systems, USA). 
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Results 
 
USH2 proteins and NBC3 are integrated into a USH-protein network via specific 
binding to the PDZ1 domain of harmonin 
Recent studies indicated that USH1 proteins interact via class I PBMs with harmonin 
PDZ1 or PDZ2 domains 
1,6,29,32,36
. Sequence analysis revealed that a class I PBM is also 
present at the C-terminal ends of all three proteins, USH2A isoform b, VLGR1b and the 
candidate for USH2b, NBC3 (Figs 1A and 2A).  
 
Figure 1. Schematic representation of USH2A isoform b, VLGR1b and NBC3 (A). All three proteins are 
transmembrane proteins containing N-terminal PBMs. Isoform b of the USH2A protein (previously also termed 
usherin) is composed of a short cytoplasmic tail, a transmembrane region and an extended extracellular part 
which contains the following characteristic extracellular domains: 32 fibronectin type III (FN3) repeats, two 
laminin G domains (LamG), 10 laminin EGF-like, one laminin N-terminal (LamNT) and one laminin G-like 
domain (LamGL). USH2A interacts via the extracellular laminin domains with the basement membrane protein 
collagen IV 4. The sodium-bicarbonate transporter NBC3, the candidate for USH2b, bears in addition to its 12 
transmembrane regions and its C-terminal PBM no recognizable domains 7. The USH2c protein VLGR1b is a 
serpentine or seven transmembrane protein, suitable to activate signalling cascades mediated by heterotrimeric 
G-proteins 37. VLGR1b has a very long extracellular N-terminal extension which contains potential protein-
interaction domains, a laminin G domain (LamG) and a repeated set of EAR/EPTP motifs. The protein–protein 
interaction of these two domains is suggested to be mediated by 35 Ca2+-binding CalX-b modules 37. (B) 
Schematic representation of harmonin (USH1c) isoforms. At least 11 isoforms can be divided into classes a–c 
26,30. Harmonin a and b isoforms contain three PDZ (post-synaptic density 95, discs large, zonula occludens-1) 
domains. The longest class b isoforms contain also a second coiled-coil domain (CC2), and a proline, serine, 
threonine (PST)-rich region which binds to actin filaments 6. Class c, the shortest isoforms, lacks both the CC2 
and the third PDZ domain. 
 
We carried out in vitro and in vivo binding assays to test possible interactions between 
the USH2 proteins and NBC3 and harmonin. In glutatione S-transferase (GST)-pull-down 
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assays fusion proteins of the cytoplasmic regions of the USH2 proteins and NBC3 were found 
to bind to the most common harmonin isoform a1 (Fig. 2B). His-tagged harmonin was pulled 
down from bacterial lysates by all three GST-fused cytoplasmic tail fragments of USH2A, 
VLGR1b and NBC3 but not by GST alone. To confirm these interactions in vivo, COS-1 cells 
were co-transfected with plasmids encoding full-length HA-tagged harmonin a1 and the Flag-
tagged cytoplasmic tail fragments of both USH2 proteins and NBC3 (Fig. 2C). 
 
 
Figure 2. Harmonin interactions with USH2 proteins and NBC3. (A) Sequence alignment of the C-termini of 
human (Hs) and mouse (Mm) proteins, known to interact with PDZ1 of harmonin, shows the PBM consensus 
sequence -E/D-T-X-L-COOH. (B) His-tagged harmonin was pulled down by the GST-fused cytoplasmic tail 
fragments of USH2A, NBC3 and VLGR1b but not by unfused GST. (C) The top panel of the immunoblot (IB) 
shows that the cytoplasmic tails of all three USH2A, NBC3 and VLGR1b are co-immunoprecipitated with 
harmonin a1 (HA-harmonin a1, ~60 kDa, IP shown in the second panel, lanes 1–3) using a polyclonal antibody 
directed against the HA-epitope. Input material is shown in the third panel (3x Flag-USH2a, ~20 kDa; 3x Flag-
NBC3, ~16 kDa; 3x Flag-VLGR1, ~23 kDa). In the analysis of mock transfection (lane 4), no bands are visible. 
Actin detection was used to determine the specificity of the co-IP. Actin is not precipitated with anti-HA 
antibodies (fourth panel). (D) His-tagged tail fragments of USH2A, NBC3, VLGR1b were pulled down by the 
GST-fused PDZ1 domain of murine harmonin but not by its PDZ2 or PDZ3 domain or unfused GST. In contrast, 
the cytoplasmic tail of Pcdh15 is pulled down with the GST-fused PDZ2 domain. (E) Yeast two-hybrid 
interaction assays were performed with full-length harmonin a1 and its separate PDZ domains fused to the 
GAL4 AD and different cytoplasmic fragments of USH2A, VLGR1b and NBC3, with or without C-terminal 
PBM, fused to the GAL4 DNA-binding domain (BD). Activation of the reporter genes, and thus interaction, was 
dependent on the presence of the PDZ1 domain of harmonin and the C-terminal PBM of USH2A, NBC3 or 
VLGR1b. Bait–prey swap experiments confirmed these results (data not shown). +, growth, ++, fast growth 
under selection conditions and α- and β-galactosidase production; -, no growth under selection conditions; ND, 
not determined. 
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For immunoprecipitation (IP) assays, extracts of these cells were incubated with anti-HA 
antibodies immobilized at sepharose beads. The tail fragments of USH2A isoform b, 
VLGR1b and NBC3 consistently co-immunoprecipitated with harmonin a1 (Fig. 2C). The 
absence of actin in the immunoprecipitates indicates the specificity of the assay (Fig. 2C, 
bottom panel). These results were further verified in yeast two-hybrid interaction assays (Fig. 
2E). 
 
Figure 3. Co-transfection of COS-1 cells with mRFP-harmonin (HdCC1) and the ECFP-tagged tail domains of 
USH2A, VLGR1 and NBC3. Co-transfections of constructs encoding mRFP-HdCC1 and (A) ECFP–USH2A 
complete tail (USH2A-139), (B) ECFP–USH2A tail w/o C-terminal PBM (USH2A-133), (C) ECFP–NBC3 
complete tail (NBC3-96) and (D) NBC3 w/o C-terminal PBM (NBC3-90) as well as (E) ECFP–VLGR1b 
complete tail (VLGR1-150), (F) VLGR1b w/o C-terminal PBM (VLGR1-144). In single transfected cells, 
USH2A and NBC3 tails were located in the nucleus (B and C), whereas the VLGR1b tail was mainly located in 
the cytoplasm (E). In single mRFP-harmonin transfected cells, harmonin was present in both the cytoplasm and 
the nucleus (B). In cells with both the complete tail of USH2A or NBC3 and mRFP-harmonin, the latter was 
recruited completely to the nucleus (A and C), whereas co-expression of the USH2A or NBC3 cytoplasmic tails 
lacking the PBM and mRFP-harmonin did not change the cellular distribution of harmonin (B and D). Co-
expression of the complete VLGR1b tail and mRFP-harmonin lead to the localization of harmonin in the 
cytoplasm (E). In the absence of VLGR1b’s PBM, harmonin was present in the cytoplasm and the nucleus (F). 
In conclusion, the co-transfection experiments indicate that the PBM of USH2A, NBC3 and VLGR1b is 
responsible for their interaction with harmonin. Scale bar: 15 μm. 
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In the next set of experiments, we pinpointed the interacting protein domains by using 
the separate PDZ domains of harmonin and fragments of the intracellular regions of the USH2 
proteins and NBC3. GST pull-down and yeast two-hybrid assays revealed specific 
interactions between murine and human harmonin-PDZ1 and the cytoplasmic tails of USH2A 
isoform b, VLGR1b and NBC3, whereas the PDZ2 and PDZ3 domains of harmonin or GST 
alone did not interact (Fig. 2D and E). Bait–prey swap in the yeast two-hybrid assay did not 
prohibit the interactions (data not shown). The specificity of these interactions was further 
validated in control pull-down assays with the cytoplasmic tail of PCDH15 (USH1f) which 
also contains a C-terminal class I PBM, but binds to the PDZ2 domain of harmonin (Fig. 2D) 
1,29
.  
The interactions with the PDZ1 domain are fully dependent on the presence of the C-
terminal PBMs of USH2A, VLGR1b and NBC3 as determined in yeast two-hybrid assays in 
which all three PDZ domains of harmonin were expressed as fusion proteins with the GAL4 
activation domain (AD) and used as bait. As prey, for both USH2 proteins and NBC3, the 
complete cytoplasmic tail and N- and C-terminally truncated fragments were expressed as 
fusion proteins with the GAL4 DNA binding domain. Growth of the transformed yeast cells 
under selection conditions and α- and β-galactosidase production were observed with the full-
length tail domains and the N-terminally truncated domains (Fig. 2E). The deletion of the C-
terminal PBM in the cytoplasmic tail domain of USH2A, VLGR1b and NBC3 prohibited 
growth. Identical results were obtained in bait-prey swap experiments (data not shown). To 
confirm PBM-dependence of the interactions, we fused the proteins to different, spectrally 
separated, green fluorescent protein variants and visualized the localization of the proteins in 
COS-1 cells by fluorescence microscopy. We co-transfected COS-1 cells with a construct that 
encodes red fluorescent protein (mRFP)-tagged harmonin (HdCC1) and a construct that 
encodes the enhanced cyan fluorescent protein(ECFP)-tagged cytoplasmic C-terminal tail 
region of USH2A isoform b, VLGR1 or NBC3, with or without the C-terminal PBM (Fig. 3). 
The full C-terminal tails of USH2A and NBC3 localize to the nucleus when they are 
individually expressed (single transfected cells in Fig. 3A and C, respectively). The full C-
terminal tail of VLGR1 localizes mainly to the cytoplasm and harmonin is dispersed in the 
cell, localizing to both the cytoplasm and the nucleus (single transfected cells in Fig. 3E and 
B, respectively). Co-expression of the full C-terminal tails of USH2A and NBC3 with 
harmonin recruited harmonin completely to the nucleus (Fig. 3A and C), indicating that these 
tail regions interact with harmonin. In contrast, in the absence of the PBM in the C-terminal 
tails of USH2A and NBC3, harmonin was found also in the cytoplasm, similar to individually 
expressed harmonin (Fig. 3B and D). This indicates a disruption of the interactions. Similarly, 
co-expression of the full C-terminal tail of VLGR1b and harmonin completely retained 
harmonin in the cytoplasm (Fig. 3E), indicating an interaction of the proteins. In the absence 
of the PBM in the tail region of VLGR1b, harmonin was again detected throughout the cell 
(Fig. 3F). These results support the hypothesis that the interaction is essentially dependent on 
the PBM.  
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Localization of the network partners harmonin, the USH2 proteins and NBC3 in 
retinal photoreceptor cells and in inner ear hair cells 
Previous studies demonstrate harmonin expression in the retina and the cochlea. In 
retinal photoreceptor cells, harmonin co-localizes with other USH1 proteins at the synaptic 
terminals 
29,30
 (Fig. 4B), whereas in the inner ear, this harmonin organized USH1-protein 
network is essential for the stereocilia differentiation of hair cells and may participate in their 
signal transduction 
1,6,21,23,32,33
. Also USH2A, VLGR1 and NBC3 were previously 
demonstrated to be expressed in the retina and the cochlea 
7,12,35,37
. We elaborated on this by 
investigating the localization of USH2A, VLGR1b and NBC3 in the sensory epithelia that are 
affected in USH2. For this purpose, polyclonal rabbit and guinea pig antibodies against the 
recombinant expressed C-terminal regions of USH2A and VLGR1b were generated. Western 
blot analyses of mouse retina homogenates revealed that both affinity purified antibodies 
detected a single band of the appropriate high molecular weight (Supplementary Material, 
Figs S1A and S2A). To validate the specificity of the affinity-purified antibodies, they were 
pre-adsorbed with 1 mg/ml of the bacterially expressed antigen before using them on western 
blots. The immunoreaction was completely abolished in the case of anti-VLGR1b antibodies 
(Supplementary Material, Fig. S1A) or drastically reduced for the anti-USH2A antibodies 
(Supplementary Material, Fig. S2A). For both antibodies, pretreatment with recombinantly 
expressed unrelated antigens did not give any reduction of the immune reaction (data not 
shown). To determine the subcellular localization of USH2 proteins in the retina, cryosections 
of mouse and rat eyes were analyzed by indirect immunofluorescence microscopy using 
affinity-purified antibodies against USH2A, VLGR1b and NBC3. We confirmed the 
localization of USH2A in Bruch’s membrane as previously described 5 (Fig. 4C). In addition, 
specific anti-USH2A immunofluorescence was present at the synaptic terminals of 
photoreceptor cells in the outer plexiform layer of the retina (Fig. 4C), which was 
counterstained with the synaptic marker antibodies against synaptophysin (Fig. 4G). The 
present immunohistochemistry with antibodies against NBC3, VLGR1b and harmonin further 
demonstrated that these three proteins are also localize at the synaptic regions in the outer 
plexiform layer of the retina (Fig. 4B, D and E) 
7
. Furthermore, double-labeling experiments 
with the connecting cilium marker antibodies against centrin (Fig. 4F) revealed the 
localization of USH2A and VLGR1b in the connecting cilium of photoreceptor cells (Fig. 4D 
and E). Although precursors of retinal pigment epithelium (RPE) cells express VLGR1b 
22
, no 
protein was detected in the mature RPE (Supplementary Material, Fig. S1B–D). Preadsorption 
of the affinity-purified antibodies against USH2A and VLGR1b with the appropriate 
recombinant antigen completely abolished the indirect immunofluorescence on cryosections 
through the mouse retina (Supplementary Material, Figs S1B–F and S2B–F). 
Immunohistochemical staining of USH2A, NBC3, VLGR1b and harmonin in the rat inner ear 
revealed their localization in the stereocilia of hair cells (Fig. 5). The localization of the four 
proteins was also seen in the synaptic region of outer hair cells (OHC) demonstrated by 
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counterstaining with the synaptic marker anti-synapsin and the nuclear DNA marker DAPI 
(Fig. 5).  
 
 
 
Figure 4. Localization of harmonin, USH2A, VLGR1 and NBC3 in photoreceptor cells of the mouse retina. (A) 
Schematic representation of a vertebrate rod photoreceptor cell. Vertebrate photoreceptors are composed of a 
light-sensitive outer segment (OS) linked via the connecting cilium (CC) to an inner segment (IS), which 
contains the biosynthetic and metabolic machinery. Synaptic junctions between photoreceptor cells and bipolar 
and horizontal cells are located in the outer plexiform layer (OPL) of the retina. OS tips are enveloped by apical 
extensions of the cells of the retinal pigment epithelium (RPE). N, nucleus. Indirect immunofluorescence of 
antibodies against harmonin (B), USH2A (C), NBC3 (D) and VLGR1b (E) in parallel longitudinal cryosections 
through the photoreceptor part of the mouse retina. (B) Harmonin is localized in OSs and ISs and at 
photoreceptor synapses of the OPL 
29,30
. (C) In addition to that in the extracellular Bruch’s membrane (BM) 5, 
USH2A labeling was found in the OPL and the CC at the joint between the IS and OS of photoreceptor cells. (D) 
NBC3 localization in the OPL. (E) Anti-VLGR1b stained punctuated structures in the OPL and the CC 
localized. (F) CC localization was confirmed by double labeling with anti-centrin 
28
. USH2A, VLGR1b, NBC3 
and harmonin are localized in the OPL where the ribbon synapses of photoreceptor cells are localized, stained by 
the anti-synaptophysin (G). Scale bar: 5 μm. 
 
These findings indicate that the interaction of these network proteins also occurs in the 
cytomatrix of inner ear synapses. Furthermore, anti-NBC3 and anti-harmonin 
immunohistochemistry revealed localization of both proteins at the lateral membrane of 
cochlear IHC (Fig. 5C and G). Present analysis further confirmed the localization of the ion-
cotransporter NBC3 in regions beneath the stria vascularis (data not shown) as described 
before 
7
. 
 
 
 
 
 
 
Chapter 3 
 
 80 
 
 
 
Figure 5. Localization of harmonin, the USH2 proteins and NBC3 in rat cochlear hair cells. Schematic 
representation of the organ of (A) Corti and (B) a mechanosensitive outer hair cell (OHC). In the organ of Corti, 
three rows of OHCs and a single row of inner hair cells (IHC) are enclosed by various types of supporting cells. 
The apical part of hair cells carries numerous rigid microvilli, improperly named stereocilia (SC, arrows), where 
the mechanotransduction takes place. The project towards the tectorial membrane composed of extracellular 
matrix material. N, nucleus; Arrowheads point to synaptic junctions (S) between OHC/IHC and efferent and 
afferent neurons. (C–J) Indirect immunofluorescence of antibodies against harmonin (USH1c) (C and D), 
USH2A (E and F), NBC3 (G and H) and VLGR1b (USH2c) (I and J) in longitudinal cryosections through 
OHC/IHC of the adult (P26) rat cochlea. NBC3, harmonin, USH2A and VLGR1b were found in the hair cell 
stereocilia (large arrows) as well as at the synapses (arrowheads) of OHCs. The localization in the synaptic 
region of the OHCs was confirmed by triple labeling with the DNA marker DAPI, anti-harmonin and anti-
USH2A (D) as well as with DAPI, anti-USH2A (F), anti-NBC3 (H), anti-VLGR1b (J) and the synaptic marker 
of hair cells and efferent fibers anti-synapsin. In addition, anti-USH2A, anti-VLGR1b and anti-harmonin 
immunofluorescences were detected at the synapses of efferent and afferent fibers projecting to the IHC 
(arrowheads, right images in C, E and I). Synaptic labeling was confirmed by counter staining with anti-
synaptophysin (synaptic marker of hair cells and efferent fibers) and antibodies against the neurofilament 
protein NF-200 (marker for afferent fibers) (data not shown). Furthermore, a localization of harmonin and 
NBC3 was present at the lateral IHC cell membrane indicated by small arrows (right panel in C and E). The cell 
bodies of IHCs are indicated by asterisks. Scale bars: 5 μm. 
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Discussion 
 
Genetic and phenotypic heterogeneity are well-known common features of many 
inherited sensory disorders. Less well known are the molecular links between different 
monogenic syndromic sensory disorders with distinctive phenotypic similarities. Previous 
studies of the USH, combining inner ear and retinal dysfunction, have demonstrated the 
expression of the USH1-protein harmonin and its co-localization and physical interaction with 
other USH1 proteins in the retina and the inner ear. In the retina, they co-localized in the 
photoreceptor cells at the synaptic terminals 
29,30
 (Fig. 4B). In the inner ear, they were 
identified in the mechanosensitive hair cells where the interactions within the USH1-protein 
network are essential for the hair cell differentiation and may participate in their signal 
transduction 
1,6,21,23,32,33
. Harmonin is therefore thought to act as a scaffold protein, integrating 
all known USH1 molecules in a USH1-protein network 
1
. Interestingly, besides the USH1 
proteins, the proteins that are involved in the more common USH2 phenotype ,USH2A, 
VLGR1 (USH2c) and the USH2b-candidate NBC3, were previously demonstrated to be 
expressed in the retina and cochlea 
7,12,35,37
, but a common denominator of these syndromes 
remained elusive. In the present study, we identified the two USH2 molecules, USH2A and 
VLGR1b, and the USH2b-candidate NBC3 as novel meshes of this USH protein network. 
The present data obtained by in vitro and in vivo binding assays demonstrate that these three 
proteins specifically interact with harmonin. Further tests revealed that all three proteins bind 
to the PDZ1 domain of harmonin which supports the previously suggested key role of 
harmonin’s PDZ1 domain in the formation of most of the identified harmonin interactions 1. 
The illustration in Figure 6 summarizes the various deciphered protein-protein interactions 
within the USH-protein network. PDZ domain mediated protein-protein interactions mainly 
involve PDZ-binding to the C-terminus of interacting partners but can also occur through 
PDZ-PDZ interactions, as well as through binding to other internal peptide sequences or even 
to lipids 
25. Previous studies showed that harmonin’s PDZ1 domain binds to a not yet 
identified internal sequence in the tail of myosin VIIa (USH1b) 
6
. A homo- or heteromeric 
network of harmonin isoforms can be formed via the interaction of a C-terminal PBM in some 
harmonin isoforms (e.g. harmonin a1, b4) with PDZ1 
32
 or by binding of the PDZ1 or PDZ2 
domain, respectively, to the second coiled-coil domain (CC2) in harmonin b isoforms 
1
 (Fig. 
6). Here, we analyzed the deletion constructs of the cytoplasmic tail domains of the USH2 
proteins and NBC3 in in vitro and in vivo binding assays and identified that the interactions of 
USH2 proteins and NBC3 with harmonin’s PDZ1 domain are fully dependent on the PBM at 
the C-terminus of their cytoplasmic tail domain. Sequence comparisons between the C-
termini of the different interaction partners of harmonin’s PDZ1 domain reveal a PBM class I 
consensus sequence for the PDZ1 domain of harmonin: -D/E-T-X-L, containing a charged 
amino acid [aspartate (D) or glutamate (E)] at the fourth position (Fig. 2A). Suggesting that 
this consensus sequence is the specific binding motif for harmonin’s PDZ1 domain, it is an 
interesting future issue to elucidate how the binding of the different partners (including four 
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USH1, two USH2 proteins and NBC3) to this particular PDZ domain is regulated or 
modulated and how this contributes to the dynamics within the USH-protein network 
1,6,15,17,29,32,36
. Previous studies indicated that during the differentiation of the stereocilia in the 
developing hair cells, harmonin interacts with the USH1 proteins, myosin VIIa, cadherin 23 
and PCDH15 
1,6,29
. Furthermore, underneath the cuticular plate, it also co-localizes with the 
USH1g protein SANS, previously shown to interact with harmonin 
1,36
. The USH2 proteins 
and the USH2b-candidate NBC3 are likely to be part of this USH protein network in the 
stereocilia. The extended extracellular portions of USH2A and VLGR1b are determined to 
perform homo- or heteromeric interactions 
35,37
. These might contribute to the anchorage of 
stereocilia within the extracellular matrix or to interconnections between neighboring 
stereocilia as previously demonstrated for cadherin 23 and PCDH15 
1,21,23,33
.  
 
Figure 6. Schematic diagram illustrating the deciphered interactions within the USH-protein network-
interactome. The three USH2-related transmembrane proteins USH2A, NBC3 (‘USH2b’ candidate) and 
VLGR1b (USH2c) bind via their C-terminal PBM to PDZ1 of harmonin. The cadherins CDH23 (USH1d) and 
PCDH15 (USH1f) interact via their C-terminal PBM with PDZ2 of harmonin 
1,6,29,32
 [note: a splice variant of 
CDH23 binds also to PDZ1 
32
]. The scaffold protein SANS (USH1g) is suitable to form homomers via its 
central domain 
1
. It interacts with its C-terminal part with PDZ1 and PDZ3 of harmonin, whereas its central 
domain also binds to the MyTH-FERM domains in the tail of myosin VIIa (USH1b) 
1
. Homo- and hetromeric 
interactions between the harmonin isoforms can occur via binding of PDZ1 to the C-terminal PBM of some 
splice variants (e.g. harmonin a1 and b4) and/or through interactions of PDZ1 and PDZ2 with the second 
coiled-coil (CC2) domain restricted to harmonin b isoforms 
1,6,30
. The USH-protein network is directly 
connected to the actin cytoskeleton through the PST domain present in harmonin b isoforms and/or via the 
motor domain of myosin VIIa dimers 
6
. 
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VLGR1b is the largest known cell surface protein and its extremely long N-terminus 
probably serves as the basis for extracellular filaments harbouring numerous Ca
2+
-binding 
motifs 
37
. This feature of VLGR1b is shared with the tip links, elastic structures between 
neighboring stereocilia of hair cells which are proposed to serve in gating the 
mechanosensitive channel 
27
. Nevertheless, VLGR1b may also play a role in Ca
2+
-
homeostasis by functioning as a Ca
2+
-sink at the surface of stereocilia because of its large 
number of CalX-b modules 
37
. These characteristics of VLGR1b might be the molecular basis 
for the failure of normal development of the stereocilia and an early onset of hearing 
impairment in VLGR1b-deficient mice carrying the Mass1
frings
 mutation 
16
. Several USH1 
molecules were previously identified at synapses in the CNS as well as in the sensory cells of 
the retina and the inner ear 
3,29,30
. On the basis of the subcellular co-localization of all known 
USH1 proteins, we recently proposed a USH1-protein network at photoreceptor synapses 
organized by harmonin 
29,30
. The present data indicate that the USH2 proteins and NBC3 are 
additional partners in this synaptic supramolecular USH network not only in the retinal 
photoreceptor cells but also in the inner ear hair cells. Whereas cytoplasmic USH1 proteins 
(e.g. myosin VIIa and SANS) may participate in synaptic molecule trafficking or/and 
targeting 
1,30
, the transmembrane USH1 cadherins (PCDH15 and CDH23) are suggested to be 
involved in synaptic adhesion 
6,8,29,30
. In synaptic terminals of neuronal cells, cell adhesion 
molecules in the pre- and post-synaptic membrane interact via their extracellular domains and 
keep the synaptic cleft in close register 
14
. As mentioned earlier, USH2A and VLGR1b are 
pre-destined to perform homo- or heteromeric interactions via their extracellular domains and 
may also contribute to the synaptic organization in retinal photoreceptor cells and inner ear 
hair cells. The VLGR1b may also participate in cell adhesion mediated G-protein signalling 
which is known to regulate the organization of the synaptic cytomatrix especially during 
synaptogenesis 
9,24,34
. An important role of the sodium-bicarbonate co-transporter NBC3 in 
the pH-regulation at synaptic terminals was previously discussed in Bok et al. 
7
. NBC3-
mediated bicarbonate-flux may be essential for an efficient buffering of H
+
-loads in synaptic 
terminals, necessary for the maintenance of a normal rate of the plasma membrane Ca
2+
-
ATPase (PMCA)-mediated Ca
2+
-efflux and the function of L-type voltage-gated Ca
2+
-
channels 
7
. Especially in photoreceptor synapses, spatial integration of NBC3 and PMCA1 
may enhance the efficiency of H
+
-buffering, possibly via binding of the C-terminal PBM of 
the PMCA1 
20
 to one of harmonin’s PDZ domains. Analogous to this, a functional association 
between NBC3 and PMCAs can be postulated to occur in the stereocilia, the synaptic region 
and lateral membrane of hair cells where major Ca
2+
-fluxes take place 
11
. Our findings 
emphasize the essential central role of harmonin in the supramolecular network of all known 
USH1 and USH2 molecules (including the putative USH2b protein, NBC3). In its function as 
a potent scaffold protein, harmonin provides the first molecular link between the USH types, 
USH1 and USH2. As the USH3a protein clarin-1 also contains a PBM 
2
, it would be no 
surprise to find that also this protein binds to harmonin and thus that it is also part of the 
USH-protein network. The decipherment of the USH network further indicates a common 
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pathophysiological pathway for the sensoneuronal degeneration in USH. Dysfunction or 
absence of any of the proteins in the mutual ‘interactome’ related to the Usher’s disease may 
lead to the disruption of the network causing the degeneration of the sensory epithelium of the 
inner ear and the neuronal retina, the clinical symptoms characteristic for USH patients. 
Further unravelling of this interactome in the future will provide candidate genes for 
syndromic and non-syndromic forms of deafness and retinal degeneration. 
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Supplementary material 
 
 
 
Figure 1 supplementary. Characterization of the rabbit anti-USH2A antibody. 
(A) Western blot analysis of protein lysates of adult murine retina with affinity purified antibodies against 
USH2A. A single band was obtained at the estimated high molecular mass of USH2A (arrow) (-). The band was 
drastically reduced by preadsorption of anti-USH2A with the recombinant antigen (+). (B) Schematic 
representation of a vertebrate rod photoreceptor cell. Vertebrate photoreceptors are composed of a light-sensitive 
outer segment (OS) linked via a connecting cilium (CC) to an inner segment (IS), which contains the 
biosynthetic and metabolic machinery. Synaptic junctions between photoreceptor cells and bipolar and 
horizontal cells are located in the outer plexiform layer (OPL) of the retina. OS tips are enveloped by apical 
extensions of the cells of the retinal pigment epithelium (RPE). BM = Bruch’s membrane; N = nucleus.(C-E) 
Indirect immunofluorescence analysis of anti-USH2A on longitudinal cryosection through the adult mouse 
retina. (C) Differential interference contrast (DIC) image of D. (D) Indirect immunofluorescence analysis of 
anti-USH2A (see Fig. 4c). (E) Indirect immunofluorescence analysis of anti-USH2A preadsorbed with the 
recombinant USH2A antigen. Specific USH2A-immunofluorescence present in the BM, the connecting cilium 
and the synaptic region of photoreceptor cells was abolished after preadsorption. Scale bar: 5 µm. 
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Figure 2 supplementary. Characterization of the rabbit anti-VLGR1b antibodies. 
(A) Western blot analysis of protein lysates of adult murine retina with affinity purified antibodies against 
VLGR1b. A single band was obtained at the estimated high molecular mass of VLGR1b (arrow) (-). The band 
was completely abolished by preadsorption of anti-VLGR1b with the recombinant antigen (+). (B) Schematic 
representation of a vertebrate rod photoreceptor cell (description see Fig. 1 supplement).(C-E) Indirect 
immunofluorescence analysis of anti-VLGR1b on longitudinal cryosections through the adult mouse retina. (C) 
Differential interference contrast (DIC) image of D. (D) Indirect immunofluorescence analysis of anti-VLGR1b 
on a longitudinal cryosection through the adult mouse retina (see Fig. 4E). (E) Indirect immunofluorescence 
analysis of anti-VLGR1b preadsorbed with the recombinant VLGR1b antigen. Specific VLGR1b-
immunofluorescence present in the connecting cilium and the synaptic region of photoreceptor cells was 
abolished after preadsorption. Scale bar: 5 µm. 
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Abstract 
 
Mutations in the DFNB31 gene encoding the PDZ scaffold protein whirlin are 
causative for hearing loss in man and mouse. Whirlin is known to be essential for the 
elongation process of the stereocilia of the sensory hair cells in the inner ear, though its 
complete spatial and temporal expression pattern remained elusive. Here we demonstrate that 
in embryonic development, the gene is not only expressed in the inner ear, but also in the 
developing brain and the retina. Various isoforms of whirlin are widely and differentially 
expressed, and we provide evidence that whirlin directly associates with USH2A isoform b 
and VLGR1b, two proteins that we previously reported to be part of the Usher protein 
interactome. These proteins co-localize with whirlin at the synaptic regions of both 
photoreceptor cells and outer hair cells in the cochlea. These findings indicate that whirlin is 
part of a macromolecular PDZ protein scaffold that functions in the organization of the pre- 
and/or postsynaptic side of photoreceptor and hair cell synapses. Whirlin might be involved in 
synaptic adhesion through interaction with USH2A and VLGR1b as well as in synaptic 
development as suggested by its spatial and temporal expression pattern. In addition, we 
demonstrate that whirlin, USH2A and Vlgr1b co-localize at the connecting cilium and the 
outer limiting membrane of photoreceptor cells, and in spiral ganglion neurons of the inner 
ear. Our data show that whirlin is connected to the dynamic Usher protein interactome and 
indicate that whirlin has a pleiotropic function in both the retina and the inner ear. 
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Introduction 
 
Mutations in the DFNB31/WHRN gene encoding whirlin are causative for DFNB31, a 
non-syndromic profound type of recessive hearing loss 
27,40
. The whirler (wi) mouse with a 
recessive mutation in Whrn, exhibits auditory and vestibular dysfunction and stereocilia 
elongation is impaired 
14
. At embryonic day 18.5 (E18.5), the stereocilia of cochlear inner hair 
cells (IHC) are already significantly shorter than in control mice. Elongation has a normal rate 
until postnatal day one but prematurely stops between postnatal day 1 and 4 
14
.  
Whirlin was shown to be transiently present at the tip of stereocilia during the 
elongation process in both IHC and outer hair cells (OHC) in the cochlea, at the tips of 
stereocilia of vestibular hair cells 
9,20,27
 and also at the base of stereocilia 
9
. Different isoforms 
of whirlin are differentially expressed in IHCs and OHCs 
27
. The motor protein myosin XVa 
interacts with whirlin, which is essential for the localization of whirlin at the tip of the 
stereocilia (Fig. 1) 
4,9
. The whirlin-myosin XVa connection explains that in the shaker-2 
mouse with a mutated Myo15a gene, the stereocilia defect is very similar to that in the whirler 
mouse with shorter stereocilia and a diminished staircase pattern 
31
. In man, mutations in the 
MYO15A gene cause severe to profound hearing loss (DFNB3) 
42
. The whirlin-myosin XVa 
complex might indirectly regulate the actin polymerization at the stereocilia tips and thereby 
contribute to the programmed stereocilia elongation.  
 
 
 
Figure 1. Schematic representation of so far identified association between components of the Usher protein 
interactome 
1,6,33,36,38
. Myosin XVa is included as an interaction partner of whirlin. Arrows mark the interacting 
regions of the proteins. The association between whirlin and SANS was determined in a yeast two-hybrid assay 
(van Wijk and Kalay, unpublished data).  
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A second type of developmental stereocilia aberration is a defective cohesion of the 
stereocilia. This is caused by mutations in the genes encoding cadherin 23, protocadherin 15, 
harmonin, myosin VIIa, and the very large G-protein coupled receptor 1 (Vlgr1) resulting in 
hearing loss and vestibular dysfunction 
10,12,18
 (and references therein). Mutations in the 
human orthologs of these genes are involved in Usher syndrome (USH) characterized by 
hearing impairment and retinitis pigmentosa. In type I (USH1) and III (USH3) also vestibular 
function is impaired (reviewed in 
2
). The scaffold protein harmonin, encoded by the gene 
involved in Usher syndrome type IC (USH1C), interacts with all known USH1 proteins and 
the USH2 proteins USH2A isoform b and VLGR1b, and is regarded to be the key organizer 
of the Usher protein interactome that functions at specific sites in photoreceptor cells and hair 
cells 
1,6,33,35,36,38
. Harmonin is a scaffold protein with three PDZ (postsynaptic density 95, 
PSD-95; discs large, Dlg; zonula occludens-1, ZO-1 
41
) domains in isoforms a and b, two in 
the N-terminal and one in the C-terminal part of the protein. This three-PDZ-domain structure 
of harmonin is highly homologous to that of whirlin. Recently, we have shown that also 
USH2A isoform b, VLGR1b and the USH2b candidate protein NBC3 are part of this Usher 
protein interactome in both inner ear and retina 
36
. Based on the structural homology with 
harmonin and expression in the inner ear and central nervous system, we regarded whirlin as a 
candidate for interaction with the USH2 proteins and NBC3. We here report that whirlin can 
directly interact with the USH2 proteins VLGR1b and USH2A isoform b but not with NBC3. 
Furthermore, RNA in situ hybridization provided evidence that whirlin is differentially 
expressed in the brain, the retina and the cochlea throughout development. 
Immunohistochemistry showed that whirlin co-localizes with the USH2 proteins at the 
synaptic terminals and the connecting cilium of photoreceptor cells and in the synaptic 
terminals of OHC in the cochlea. Our data support the hypothesis that the Usher proteins are 
part of a dynamic Usher protein interactome that fulfills several functions at different sites in 
the neurosensory cells of the retina and the cochlea and suggest that DFNB31 is a candidate 
gene for Usher syndrome as it is “guilty by association”.  
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Material and methods 
 
Animals 
In this study Wistar rats, guinea pigs and C57B6 JOlaHsd mice (Harlan, Netherlands) housed 
in standard cages and receiving water and food ad libitum, were used. Animal experiments 
were conducted in accordance with international and institutional guidelines. 
 
Antibodies and plasmids 
The anti-whirlin antibodies were raised in guinea pigs against a GST-fusion protein encoding 
a fragment (a.a. 701-765) of the long isoform of the whirlin protein. The antibodies against 
the cytoplasmic tails of USH2A and VLGR1b, centrin1 (clone 20H5) and synaptophysin were 
previously described 
36
. The anti-NBC3 antibody was derived from Alpha Diagnostic (USA). 
Anti-HA and anti-flag antibodies were derived from Sigma (Germany). Secondary antibodies 
for immunohistochemistry and western blot analysis were derived from Molecular Probes-
Invitrogen (Carlsbad, USA), Rockland (Philadelphia, USA), and Jackson ImmunoResearch 
Laboratories, USA). cDNAs encoding the human cytoplasmic tails or part of it, with or 
without PDZ type I-binding motif, of USH2A, VLGR1b and NBC3 were cloned in the 
pDONR201 vector as described before 
36
. cDNA fragments of DFNB31 transcripts were 
amplified with IMAGE clone IRAUp969F0450D (RZPD, Germany) as a template. By using 
Gateway technology (Invitrogen), cDNA’s encoding human full length whirlin (a.a. 1-907), 
PDZ1 (a.a. 138-233), PDZ2 (a.a. 279-360), and PDZ3 (a.a. 819-907) were cloned in the 
pDONR201 vector as previously described 
36
. 
 
Yeast two-hybrid analysis 
A GAL4-based yeast two-hybrid system (HybriZAP, Stratagene, USA) was used to identify 
the interactions between whirlin and USH2A, VLGR1b and NBC3 according to methods 
previously described 
37
 with minor variations. As a host, yeast strain PJ69-4A was used 
17
, 
which carried the HIS3 (histidine), ADE2 (adenine), MEL1 (-galactosidase) and LacZ (-
galactosidase) reporter genes. Interactions were analyzed by assessment of reporter gene 
activation, through growth on selective media (HIS3 and ADE2 reporter genes), an X--gal 
colorimetric plate assay (MEL1 reporter gene), and an X--gal colorimetric filter lift assay 
(LacZ reporter gene). 
 
GST pull-down 
In order to produce GST (glutathion S-transferase) fusion proteins, BL21-DE3 cells were 
transformed with pDEST15-USH2A_tail (a.a. 5064-5202), pDEST15-VLGR1b_tail (a.a. 
6157-6307), or pDEST15-NBC3_tail (a.a. 1119-1214). Cells were induced at 30ºC for 4 
hours with 0.5 mM IPTG and subsequently lysed with STE buffer (1% Sarkosyl, 1% Triton-
X-100, 5mM DTT) supplemented with protease inhibitor cocktail (Roche, Germany). Lysates 
were incubated at 4ºC for 16 hours with glutathione Sepharose 4B beads (Amersham 
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Biosciences, USA). Beads with fusion proteins bound to it were extensively washed with lysis 
buffer and TBSTD (TBS with 1% Triton-X-100 and 2 mM DTT) at 4ºC. The amount of GST-
fusion protein attached to the Sepharose beads was verified on a 10% SDS-PAGE gel stained 
with Gelcode Blue Stain Reagent (Pierce, USA). His-tagged Whirlin was produced by 
transfecting COS-1 cells with pcDNA4-HisMax-Whirlin using Nucleofector kit V (Amaxa, 
USA), program A-24 according to manufacturer’s instruction. The precleared supernatant was 
incubated overnight at 4C with equal amounts of blocked beads with GST, or beads with 
GST-fusion proteins. After several washes with lysis buffer, the beads were boiled in 1xSDS 
sample buffer, and proteins were resolved in SDS-PAGE and detected by western blot 
analysis. 
 
Co-immunoprecipitation in COS-1 cells 
HA-tagged whirlin was expressed by using the mammalian expression vector pcDNA3-
HA/DEST and the flag-tagged intracellular tails of all three USH2A, NBC3 and VLGR1b by 
using p3xflag-CMV/DEST from the Gateway cloning system (Invitrogen, USA). Both 
plasmids contain a CMV promoter. COS-1 cells were transfected by using the Nucleofector 
kit V (Amaxa, USA) and program A-24, according to manufacturer’s instructions. Twenty-
four hours after transfection cells were washed with PBS and subsequently lysed on ice in 
lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% Triton-X-100 supplemented with 
complete protease inhibitor cocktail (Roche, Germany)). HA-tagged whirlin was 
immunoprecipitated from cleared lysates overnight at 4C by using anti-HA polyclonal 
antibody and Protein A/G PLUS-sepharose (Santa Cruz Biotechnology, USA) whereas flag-
tagged USH2A_tail, VLGR1b_tail and NBC3_tail were immunoprecipitated by using 
monoclonal anti-flag M2 Agarose beads (Sigma, Germany). After 4 washes in lysis buffer, 
the protein complexes were analyzed on immunoblots using the Odyssey Infrared Imaging 
System (LI-COR, USA). Tagged molecules were detected by anti-HA or anti-flag mono- or 
polyclonal antibodies. As secondary antibody IRDye800 goat-anti-mouse IgG and Alexa 
Fluor 680 goat-anti-rabbit IgG were used. 
 
Co-localization in COS-1 cells 
To determine the cellular localization of the cytoplasmic tails of human USH2A, VLGR1b 
and NBC3 as well as full length whirlin (Genbank NM_015404) in COS-1 cells, we cloned 
cDNAs encoding the tails of USH2A, VLGR1b and NBC3 in pDEST501 by using the 
Gateway cloning technology (Invitrogen), resulting in N-terminally fused eCFP-USH2 and 
eCFP-NBC3 fusion proteins. Whirlin was cloned in pDEST733, resulting in a N-terminally 
fused mRFP-whirlin fusion protein. COS-1 cells were cotransfected with pDEST501-USH2A 
tail, pDEST501-VLGR1b tail or pDEST501-NBC3 tail together with pDEST733-whirlin by 
using Lipofectamine (Invitrogen) according to manufacturer’s instructions. Twenty-four 
hours after transfection, cells were washed with PBS, fixed with 4% paraformaldehyde and 
mounted with Vectashield containing DAPI (Vector Laboratories, Inc., UK). Images were 
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taken with an Axioplan2 Imaging fluorescence microscope (Zeiss) equipped with a DC350FX 
camera (Zeiss) and processed using Adobe Photoshop (Adobe Systems, USA). 
 
Western blot analysis from bovine tissue protein extracts 
Parts of bovine tissues were isolated and frozen in liquid nitrogen. Tissues were homogenized 
by using the mikro-dismembrator (Braun Biotech International, USA) for 2 minutes at 1,000 
rpm. Homogenized tissues were lysed with lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM 
NaCl, 0.5% Triton-X-100 supplemented with complete protease inhibitor cocktail (Roche, 
Germany)) and subsequently centrifuged for 10 minutes at 10,000 rpm and 4C. Supernatants 
were analyzed by SDS-PAGE and western blotting. 
 
Immunohistochemistry in tissue  
Unfixed eyes of 20 day old (P20) Wistar rats were isolated and frozen in melting isopentane. 
For cochlear immunohistochemistry, cochleae from P8 and P26 rats were isolated, dissected 
and fixed as described before 
22
. After fixation, cochleae were decalcified in Rapid Bone 
Decalcifier (Fisher-Scientific, Germany). Cryosections were made at a thickness of 10 μm 
and treated with 0.01% Tween-20 in PBS followed by a blocking step with blocking solution 
(0.1% ovalbumin, 0.5% fish gelatin in PBS). Antibodies diluted in blocking solution were 
incubated overnight at 4C. Secondary antibodies were also diluted in blocking solution and 
incubated together with DAPI for 1 hour. Sections were embedded with Prolong Gold Anti-
fade (Molecular Probes). Pictures were made with a Axioskop2 Mot plus fluorescence 
microscope (Zeiss) equipped with an AxioCam MRC5 camera (Zeiss). Images were 
processed using Axiovision 4.3 (Zeiss) and Adobe Photoshop (Adobe Systems, USA). Pre-
immune serum did not give specific staining and antibodies blocked with the antigen also 
resulted in complete lack of signal.  
 
Expression profiling  
The expression of the known isoforms of whirlin was examined by performing RT-PCR 
analysis on RNA from human fetal and adult tissues as described before 
26
. Primers used for 
the detection of the transcripts encoding the long isoform(s) consisting of PDZ1, PDZ2 and 
PDZ3 (Genbank NM_015404) are 5’- TGCTCTTCGACCAATACACG -3’ and 5’- 
CAGACAGCACCAGCTTCTTG -3’. For detection of the isoform(s) consisting of the 
proline-rich region and PDZ3 (Genbank AK022854) the following primers were used: 5’- 
CACGATGCATGGTTCTCTTG -3’ and 5’- TGTTGAGCAGCTTGAACAGG -3’. 
  
Digoxigenin labelling of cRNA in situ hybridization probes 
For generating a probe which recognizes transcripts for both the long and short isoform(s) of 
whirlin, part of the common 3’- end of the transcripts of whirlin was amplified using 5’- 
GGTCCGTGTGAGGAAAAGTG -3’ as a forward primer and 5’- 
GATAGGCTGGGAGTGCAAAG -3’ as a reversed primer. Murine retina cDNA was used as 
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a template. The obtained PCR product was subsequently cloned in the pCR4-TOPO vector 
(Invitrogen) by using the TOPO cloning kit (Invitrogen, USA). A PCR was performed by 
using T7 and T3-polymerase specific primers. DIG-cRNA probes were generated by 
incubating 400 ng of PCR product with 2 µl 10x DIG RNA labelling mix (Roche, Germany), 
2 µl T3 (sense) or T7 (antisense) dependent RNA polymerase (Roche), 2 µl 10x Transcription 
buffer (Roche) and RNAse free H2O added to a final volume of 20 µl, at 37ºC for 2 h. To stop 
the reaction, 2 µl 0.2 M EDTA (pH 8.0), was added. The cRNA probe was ethanol 
precipitated, and dissolved in RNAse free H2O. Probe DIG concentrations were determined 
by dot blot analysis on Hybond N+ nylon membranes (Amersham Biosciences, USA), 
compared with control DIG-cRNA probe (Roche, Germany), and stored at -80ºC. 
 
RNA in situ hybridization 
Mouse embryos were collected at various embryonic stages (E12.5 to E18.5), frozen on 
crushed dry ice, and stored at –80ºC. The embryos were embedded in Tissue-Tek® O.C.T. 
compound (Sakura Finetek, USA), and sagitally cut into 16 µm sections at temperatures of -
16 to -20ºC. Sections were collected on SuperFrost
®
 Plus microscope slides (Menzel-Gläser, 
Germany). After quickly drying the sections, they were stored at -80ºC until further use. The 
digoxigenin labelled cRNA probes were then hybridized to the mouse tissue sections as 
follows. Samples were rapidly defrosted, and fixed in 4% paraformaldehyde in phosphate-
buffered saline (PBS, pH7.4) for 10 minutes. Slides were washed 3 times in PBS, pH 7.4, and 
acetylated for 10 minutes in a solution containing 3.3 ml triethanolamine, 0.438 ml 37% 
fuming HCl, 0.625 ml acetic anhydride, in a final volume of 250 ml H20. Slides were washed 
3 times 5 minutes in PBS, and prehybridized for 2 h at room temperature (RT) with 
hybridization mix (50% deionised formamide, 5x SSC, 5x Denhardt’s solution, 250 µg/ml 
brewer’s yeast tRNA (Roche, Germany), and 500 µg/ml sonicated salmon sperm DNA 
(Sigma, Germany)). Subsequently, hybridization was performed overnight at 72ºC with 150 
µl hybridization mix containing 400 ng/ml DIG labelled probe, washed briefly at 72ºC in 2x 
SSC, and then washed for 2 hours at 72ºC in 0.2x SSC. Slides were allowed to cool, 
transferred to 0.2x SSC at RT for 5 minutes, and subsequently transferred to buffer 1 (100 
mM TrisHCl, pH 7.4, 150 mM NaCl). Slides were incubated for 1 h at RT with 10% heat 
inactivated fetal calf serum (FCS) in buffer 1, followed by overnight incubation at 4ºC with 
0.7 ml 1% heat inactivated FCS in buffer 1 with 1:5000 diluted anti-Digoxigenin- AP, fab 
fragment from sheep (Roche, Germany) per slide. Slides were washed 3 times in buffer 1, and 
once in buffer 2 (100 mM TrisHCl, pH 9.5, 100 mM NaCl, 50 mM MgCl2), at RT. One ml of 
staining solution (200 µl of NBT-BCIP stock solution (Roche, Germany) and 1 ml 
Levamisole (Sigma, Germany, 2.4 mg/ml), and 8.8 ml buffer 2 per 10 ml) was placed on the 
slides, and staining was allowed to take place for 6 h to overnight in a dark environment. 
Subsequently, the slides were washed once in T10E5 (10 mM Tris, pH 8.0, and 5 mM EDTA) 
to stop the reaction. Slides were dehydrated, and sealed using Entellan rapid mounting media 
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(ProSciTech, Australia). Images were recorded on a Zeiss Axioskop2 plus microscope with a 
Sony power HAD DXC-950P 3CCD colour video camera. 
 
Results 
 
Whirlin is broadly, but differentially, expressed 
The distribution of ESTs of whirlin in the UniGene database in the human (UniGene 
Hs.93836) and mouse (UniGene Mm.300397) gene clusters indicates that the gene is broadly, 
but not ubiquitously expressed. As the UniGene data do not reveal the tissue distribution of 
the different whirlin splice variants that were previously identified in mouse 
4
 (Fig. 2A) and 
human 
27
 (Fig. 2B), we raised a specific antibody against a.a. 701-765 of whirlin, a region 
present in all known isoforms (Fig. 2B), and analyzed the protein expression of whirlin on a 
multiple tissue blot of bovine protein extracts (Fig. 2C). Although western blot analysis 
showed expression of whirlin in all tissues analyzed, the number, size, and intensity of the 
signals corresponding to specific protein bands varied considerably between the tissues. The 
strongest signal in many tissues, corresponding to a protein size of 40 kDa, was found in all 
tissues tested, except for lung and testis. A 65 kDa band could be identified in retina, brain, 
and kidney, while signals corresponding to the full-length protein (98 kDa) were detected 
only in retina, RPE and kidney (Fig 2C). In addition, a 49 kDa band that was previously 
described 
20
 was detected in RPE, testis, small intestine, stomach, kidney and lung, and a 
specific smaller variant of 25 kDa was identified only in small intestine. Subsequently, we 
analyzed by semi-quantitative RT-PCR if the DFNB31 variants encoding the "long" isoforms 
(Fig. 2A, isoforms 1-4) or the "short" isoforms (Fig. 2A, isoforms 5-9), show differences in 
expression levels in human eye, ear and brain at embryonic or adult stages. For this purpose, 
gene specific primers were used that amplified fragments of either the "long" variants (Fig. 
2B, primers 1 and 2) or the "short" variants of DFNB31 (Fig. 2B, primers 3 and 4). We found 
that both isoforms were expressed at very similar levels, both in fetal and adult tissues, and 
showed little tissue variability (Fig. 2D). 
 
Whirlin expression is prominent at distinct neural layers during development 
As whirlin was found to be expressed in different tissues both at embryonic as well as adult 
stages, we used RNA in situ hybridization (ISH) analysis to more accurately determine the 
spatial and temporal expression pattern of the gene in mice (Fig. 3). The murine antisense 
probe that was used recognized all known variants of Whrn (Fig. 2A). The sense probe did 
not show any specific signals, indicating the specificity of the experiments (results not 
shown). Whirlin  expression  was  first  detected  at  embryonic  day 10.5 (E10.5), in the basal 
plate of the spinal cord, in the ventral neural epithelium of the developing brain and the region 
of the lung bud (Fig. 3A). At E12.5, Whrn is expressed in the complete neuroepithelium 
except for the neo-cortex.  
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Figure 2. Structure and expression profile of whirlin. (A) Whrn isoforms that were identified by Belyantseva et 
al. 
4
. The "long" isoforms encode PDZ1 and 2, while the "short" isoforms encode PDZ 3. (B) Protein structure of 
whirlin, showing the long (BC014524) and short (AK022854) isoforms. The positions of the primers (#1-4), the 
antibody epitope (Ab) and the antisense riboprobe for RNA in situ hybridization (ISH) that were used in this 
study are indicated. (C) Detection of whirlin on a multiple tissue immunoblot of bovine protein extracts, using a 
specific polyclonal antibody against whirlin. (D) Expression profile using semi-quantitative RT-PCR of 
DFNB31 in fetal, as well as adult eye (retina), ear (cochlea) and brain. The expression levels were compared 
using specific primers to amplify a fragment of either the long or the short isoform of DFNB31, using either 25 
or 30 PCR cycles. Both isoforms of DFNB31 were expressed in all analyzed tissues. 
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Regions of the developing central nervous system with a strong signal are the ventral 
epithelium of the fourth ventricle, the ventral epithelium of the midbrain, the developing 
striatum and the optic recess (Fig. 3B). In the developing eye, Whrn expression is detected in 
the inner neuroblastic layer (Fig. 3D). At E14.5, Whrn expression was detected in the 
intervertebral cartilage, the cortex of the developing kidney, the tongue, the region of the 
urethra, and strongly in specific regions of the brain e.g. striatum, optic recess, ventral 
tegmental area, roof of the midbrain, choroid plexus of the lateral ventricles and the fourth 
ventricle (Fig. 3C). The developing neo-cortex is devoid of expression. At this timepoint, 
expression is first notable in the inner ear in the developing maculae of the saccule and the 
utricle, in the cristae of the semicircular canals, and in the vestibulocochlear ganglion  (Fig. 
3J). In the developing neural retina, a strong signal was present in the inner neuroblastic layer 
(Fig. 3E). At E16.5, expression of whirlin was very similar to that at E14.5 and could 
furthermore be clearly distinguished in the neuroepithelium (Fig. 3F). Also in the neo-cortex 
expression was visible at this stage, in the intermediate zone (data not shown). In addition to 
expression in the cortex of the kidney, expression was detected in the thymus (data not 
shown). The last embryonic timepoint of our analysis was E18.5, where the expression was 
mainly as in E16.5. In the cochlea a weak signal was now detected in the developing sensory 
epithelium (not shown). Expression in the ganglion layers of the retina decreased and was no 
longer detected in the innermost region of these layers (Fig. 3G). From postnatal day 7 (P7) 
(Fig. 3H, I) onwards, also the developing photoreceptor cells express whirlin.  
 
Whirlin is integrated in the Usher protein network by direct interaction with 
USH2A and VLGR1, but not NBC3 
The consistent expression of the DFNB31 gene in the neural retina and cochlea throughout 
development, and the structural homology between whirlin and harmonin suggested a link to 
the Usher protein network. We previously identified that the PDZ domains of the USH1c 
protein harmonin interact with the class I PDZ-binding motifs (PBMs) of other USH1 
proteins 
1,6,33
 and with the class 1 PBMs at the C-terminus of the cytoplasmic domains of 
NBC3 and the USH2 proteins USH2A, VLGR1b 
36
. The scaffolding protein harmonin and its 
protein "cargo" is thus recruited to the cytoplasmic face of the cell membrane. Bioinformatic 
analysis of the PDZ  domains of  harmonin  using  RANKPROP 
43
  and  sequence  alignments  
identified that whirlin is the nearest homologue of harmonin, with their PDZ1, 2 and 3 
domains being 40%, 47% and 23% identical, respectively (Fig. 4A). We therefore performed 
protein-protein interaction studies to analyze the putative association of the three PDZ 
domains of whirlin with the intracellular "tail" fragments of USH2A (139 a.a.), VLGR1b (150 
a.a.) and NBC3 (96 a.a.), containing the C-terminal class 1 PBMs (Figs. 4C - 4F). 
 We tested whether there was a direct interaction by carrying out in vitro glutathione S-
transferase (GST) pull-down assays (Fig. 4C). We identified that 6xHis-tagged full-length 
whirlin was pulled down efficiently from COS-1 cell lysates by the GST-fused cytoplasmic 
tail domains of USH2A and VLGR1b, but not by GST-NBC3_tail or only GST. 
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Figure 3. Whrn mRNA expression in embryonic and adult mouse. Localization of Whrn expression by RNA in 
situ hybridization on cryosections of mouse embryos of different developmental stages with a probe that 
recognizes all reported Whrn splice variants (Fig. 1A). In sagittal whole embryo cryosections, specific 
expression was found in the following structures (indicated by numbers and arrows): (A) E10.5: 1, neural 
epithelium with strongest staining in the ventral neural epithelium; 2, basal plate of the spinal cord; (B) E12.5: 
staining of the neuro-epithelium except the neo-cortex; 1, roof of the midbrain; 2, basal plate of the spinal cord; 
3, region of the optic recess; 4, striatum; 5, tongue: 6, lung; (C) E14.5: 1, roof of the midbrain; 2, choroid 
plexus of the fourth ventricle; 3, optic recess; 4, corpus striatum; 5, cortex of the kidney; 6, intervertebral 
cartilage. (D-G) embryonic development of the eye at E12.5 (D) in which Whrn expression begins in the inner 
neuroblastic layer of the retina, at E14.5 (E) and E16.5 (F) Whrn is expressed in the inner neuroblastic layer of 
the retina and at E18.5 (G) Whrn expression is limited to a subset of the ganglion cells. (H, I) Maintained 
expression of Whrn at postnatal day 7 (P7) (H) and p90 eye. Expression was seen in a subset of the ganglion 
cells (1) and is also detectable in the photoreceptor cells (2) at P7 (H) and P90 (I). (J-L) Coronal sections of the 
developing inner ear at E14.5 (J) with Whrn expression in the crista, a semicircular canal (1), the maculae of the 
utricle (2) and the saccule (3), and the vestibulocochlear ganglion (4). At E16.5 (K) and E18.5 (L), Whrn 
expression was maintained in the vestibular system. At E18.5 very weak expression was detected in the 
developing neurosensory epithelium of cochlea (not shown).  
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Using yeast two-hybrid assays, we identified that full-length whirlin, as well as only 
its PDZ1 domain interacts with the C-terminal part of USH2A and VLGR1b, but not with 
NBC3 (Fig. 4D). Deletion of the last 6 amino acids that contained the conserved C-terminal 
class 1 PBM (Fig. 4B) fully disrupted the interaction with PDZ1. The PDZ2 domain of 
whirlin also showed some binding capacity towards USH2A that was disrupted by deleting 
the PBM, but interaction with VLGR1b or NBC3 could not be detected. The C-terminal 
PDZ3 domain of whirlin was not able to bind to any of the three proteins. 
In order to complement these results in a mammalian cell-based assay, epitope-tagged 
full-length whirlin and the cytoplasmic tail domains of USH2A, VLGR1b and NBC3 were 
expressed in COS-1 cells. We performed immunoprecipitation assays using anti-flag 
antibodies, and were able to show that full-length HA-Whirlin co-immunoprecipitated with 
flag-USH2A_tail (Fig. 4E, lane 1) and flag-VLGR1b_tail (Fig. 4E, lane 2), but not with flag-
NBC3_tail (Fig. 4E, lane 3) and the unrelated protein flag-STRAD (Fig. 4E, lane 4). 
Reciprocal immunoprecipitation experiments using anti-HA antibodies confirmed these 
results (Fig. 4F). 
We were able to visualize the interaction in these cells using fluorescence microscopy 
with different monomeric fluorescent protein epitope tags. We fused the different proteins at 
their N-terminus to either red fluorescent protein (mRFP) or cyan fluorescent protein (eCFP), 
variants that are fully separated in their emission spectra. We showed that in COS-1 cells 
expressing the full-length whirlin fused to mRFP, the protein was localized in the cytoplasm 
(Fig. 5A, red signal). In cells only transfected with the cytoplasmic tail domain of USH2A 
fused to eCFP, the protein was specifically localized in the nucleus (Figs. 5B and 5C, green 
signal), suggesting that a cryptic NLS in this peptide may underly translocation to the nucleus. 
Co-expression of whirlin with USH2A fully retained the latter to the cytoplasm, as no nuclear 
signal could be detected in these cells (Figs. 5C and 5D, yellow signal), and resulted in vivo in 
the co-localization of both proteins. Removal of the last 6 amino acids, containing the PBM, 
fully disrupted the retention of USH2A by whirlin in the cytoplasm, as in cells co-expressing 
both proteins, all of the USH2A_tail protein was found in the nucleus, while whirlin was 
present in the cytoplasm (Figs. 5E-5H). In these cells, no yellow signal could be identified in 
the overlays (Figs. 5G and 5H). In COS-1 cells, co-expressing whirlin and VLGR1b_tail, the 
situation was similar (Figs. 5I-5P). VLGR1b localized both in the cytoplasm as well as in the 
nucleus (Figs. 5J and 5K), and in cells where it was co-expressed with whirlin, the protein 
was maintained in the cytoplasm only (yellow signal in overlay; Figs. 5K and 5L). Deletion of 
the PBM of VLGR1b again allowed translocation of the protein to the nucleus (Figs. 5N-5P). 
However, co-expressing whirlin with the cytoplasmic tail domain of NBC3, also containing a 
class I PBM, did not affect the nuclear localization of the latter (Figs. 5Q-5T), as no yellow 
signal could be observed in the overlays (Figs. 5S and 5T).  
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Figure 4. Whirlin physically interacts through PDZ-PBM association with USH2A and VLGR1b. (A) Identities 
between the three PDZ domains of harmonin and whirlin. (B) Sequence alignment of the class I PBM in the 
cytoplasmic tails of USH2A, VLGR1b and NBC3. (C) GST pull-down analysis, showing that (His)6-tagged 
whirlin was efficiently pulled down by GST-USH2A_tail (second lane) and by GST-VLGR1b_tail (third lane), 
but not by GST-NBC3_tail (fourth lane) or unfused GST (last lane), as detected by an anti-(His)6 antibody. The 
first lane shows 10% of the input protein lysate. (D) Yeast two-hybrid analysis of the interaction between the 
three PDZ domains of whirlin and the cytoplasmic tails of USH2A, VLGR1b and NBC3. The HIS3, MEL1 and 
LacZ reporter genes were either strongly activated (++), weakly activated (+), not activated (-) or not assayed 
(NA). The PDZ1 and PDZ2 domains interacted with USH2A, the PDZ1 domain interacted with VLGR1b, and 
whirlin was not found to interact with NBC3. (E and F) Co-immunoprecipitation of whirlin with USH2A and 
VLGR1b, but not with NBC3. (E) The immunoblot (IB) in the top panel shows that flag-USH2A_tail (lane 1), 
and flag-VLGR1b_tail (lane 2) co-immunoprecipitated with HA-whirlin, while flag-NBC3_tail (lane 3) and the 
unrelated protein flag-STRAD (lane 4) or mock transfected cell lysate (lane 5) did not. Protein input is shown in 
the middle panel; the anti-HA immunoprecipitates are shown in the bottom panel. (F) Reciprocal 
immunoprecipitation assay. The immunoblot (IB) in the top panel revealed that HA-whirlin (input shown in the 
middle panel) co-immunoprecipitated with flag-USH2A_tail (lane 1), and with flag-VLGR1b_tail (lane 2), but 
not with flag-NBC3_tail (lane 3) and the unrelated protein STRAD-flag (lane 4) or mock transfected cell lysate 
(lane 5). The anti-flag immunoprecipitates are shown in the bottom panel. 
 
USH2A and VLGR1 co-localize with whirlin in the retina 
As the RNA in situ hybridization experiments revealed the expression of DFNB31 in 
the photoreceptor cells, we set out to identify the subcellular localization of the whirlin 
protein and its newly identified interactors USH2A and VLGR1 in the retina. The above 
described specific polyclonal antibody against whirlin, recognizing both long and short 
isoforms in the retina (Fig. 2B), was used to stain unfixed cryosections of adult rat retinas. 
Whirlin exhibited specific expression in the outer plexiform layer, in the photoreceptor inner 
segments  and, very prominently, in the outer limiting membrane and connecting cilia (Fig. 
6A). Markers for these specific structures revealed specific co-localization with the 
neuroendocrine marker synaptophysin in the presynaptic  layer  of  the  outer  plexiform  layer  
(Figs. 6B and 6E), with the outer limiting membrane marker β-catenin (Figs. 6C and 6F), and 
with the connecting cilium marker centrin (Figs. 6D and 6G). The staining towards whirlin 
was highly specific because it was fully blocked by preincubation of the primary antibodies 
with the cognate peptide epitope, and preimmune serum gave no signal (data not shown). Co-
immunostaining of retinal sections with antibodies against whirlin and USH2A revealed co-
localization of both interacting proteins, with the highest expression of both proteins at the 
outer plexiform layer and outer limiting membrane, and only a limited co-localization in the 
connecting cilium, at the basal side (Figs. 6H to 6J). Co-immunostaining experiments of 
retinal sections with antibodies against whirlin and VLGR1b also indicated that these proteins 
co-localize, with the highest expression of both proteins at the outer limiting membrane and 
connecting cilium (Figs. 6K to 6M). 
 
USH2A and VLGR1 co-localize with whirlin in the inner ear 
Immunohistochemistry with antibodies directed against the intracellular regions of 
USH2A and VLGR1b was performed to address co-localization and thus interaction of these 
proteins with whirlin in the cochlea. At mouse postnatal day 26 (P26) whirlin is located at the  
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Figure 5. Whirlin co-localized with the cytoplasmic tails of USH2A and VLGR1b, but not with NBC3 upon 
overexpression in COS-1 cells. (A, E, I, M, Q) mRFP-whirlin (red signal) was localized in the cytoplasm, 
which was not affected by co-expression of USH2A (B-D) The eCFP-USH2A tail region (139 a.a., green 
signal) was localized in the cell nucleus when singly transfected (arrows in B and C), but when co-expressed 
with whirlin, both proteins were localized in the cytoplasm (yellow signal in overlays C and D). (F-H) The 
USH2A tail region without the PBM (133 a.a., green signal) was localized in the cell nucleus, also when co-
expressed with whirlin. (J-L) The eCFP-VLGR1b tail region (150 a.a., green signal) was localized both in the 
cell nucleus as well as in the cytoplasm when singly transfected (faint signal, arrows in J, K, and L), but when 
co-expressed with whirlin, both proteins were localized in the cytoplasm only (yellow signal in overlays K and 
L). (N-P) The VLGR1b tail region without the PBM (144 a.a., green signal) was localized in the cell nucleus 
and in the cytoplasm, also when co-expressed with whirlin. (R-T) The NBC3 tail region (96 a.a., green signal) 
was localized in the cell nucleus, also when co-expressed with whirlin. 
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synaptic terminals of OHCs (Figs. 7A-C) were it co-localizes with both USH2A and VLGR1b 
(Figs. 7D-G). In IHCs, a co-localization in synaptic regions was only detected for USH2A 
and VLGR1b as was previously described 
36
 (Figs. 7H and 7I).  
 
 
Figure 6. Whirlin co-localizes with USH2A and VLGR1b in the retina. (A-G) Subcellular localization of 
whirlin in radial cryosections of adult (P20) rat retinae using anti-whirlin antibodies (red signal) and antibodies 
against specific markers of retinal cell layers (green signal). (A) Immunostaining of whirlin indicates localization 
at the connecting cilium (CC), the inner segments (IS), the outer limiting membrane and the outer plexiform 
layer (OPL). (B) Co-immunostaining of whirlin and synaptophysin, a marker of the synapses of the outer 
plexiform layer, showing co-localization at this specific layer (yellow signal). (C) Co-localization (yellow 
signal) of whirlin and β-catenin, a marker of the outer limiting membrane, the adherence junctions with the 
Müller-glial cells at the base of the inner segments. (D) Co-localization (yellow signal) in mouse retina of 
whirlin and centrin-1, a marker of the connecting cilia. E, F, and G show details of the subcellular localization of 
whirlin in, respectively, B, C and D. H, I, and J are respectively rat retinal sections immunostained with anti-
whirlin, anti-USH2A, and an overlay of H and I. (J) Co-localization (yellow signal) of USH2A and whirlin at 
the outer plexiform layer, the outer limiting membrane, the inner segments, and partly at the connecting cilium. 
K, L, and M are respectively rat retinal sections immunostained with anti-whirlin, anti-VLGR1b, and an overlay 
of K and L. (M) Co-localization (yellow signal) of USH2A and VLGR1b at the outer limiting membrane, and 
the connecting cilium, and more weakly at the outer plexiform layer and the inner segments. 
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No whirlin positive signals were seen at VLGR1b positive synaptic sites at the IHC level (Fig. 
7I, compare H and I, open arrow). Whirlin was detected in stereocilia of both IHC (Fig. 7H) 
and OHC (Fig. 7G), despite earlier reports describing the disappearance of the protein from 
the stereocilia at the end of elongation 
20
. This might be due
 
to an isoform of whirlin that is 
not recognized by the antibodies
 
used by Kikkawa et al. 
20
. Alternatively, mouse and rat
 
might 
differ in spatio-temporal expression of whirlin isoforms. No USH2A and VLGR1b 
immunostaining could be detected in the stereocilia of both OHCs and IHCs at this age, when 
stereocilia are fully developed. Speckled immunostaining of whirlin was seen in the stria 
vascularis (not shown). Analogous to immunostaining of neuronal cell bodies and nerve fibers 
in the brain 
44
, immunofluorescence with anti-whirlin antibodies was detected in the nerve 
fibers at the habenula perforata (Fig. 7N), in the auditory nerve (Fig. 7O) and in the spiral 
ganglia neuronal cell bodies where whirlin co-localizes with USH2A and VLGR1b (Figs. 7J-
L).  
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Discussion 
 
In this study we demonstrate that during embryogenesis, the Whrn gene is 
predominantly expressed in the developing brain, the eye and inner ear. We furthermore show 
that whirlin directly interacts with the cytoplasmic tails of USH2A isoform b and VLGR1b 
and that these proteins co-localize at distinct sites in OHCs of the cochlea, and in 
photoreceptor cells. As we have previously shown that the latter two proteins associate with 
members of the USH1 protein complex 
35,36
, our findings likely reflect and expand the 
molecular diversity of the Usher protein interactome and its role in ear and eye function.  
The earliest embryonic expression of Whrn was detected at E10.5, most prominently 
in the ventral aspects of the neural epithelium. Interestingly, this matches the RNA in situ 
expression pattern of Vlgr1 
28
. The localization in the ventricular zones suggests a role in 
neuronal proliferation. It is tempting to speculate that VLGR1b and whirlin already function 
in the same protein complex very early in neural development. In the early embryonic stages, 
similar to Vlgr1, Whrn expression in the region that develops into the neocortex is very low, 
whereas a high expression in the optic stalk could be observed. Both Whrn and Vlgr1 are also 
highly expressed in the developing eye, albeit that Whrn transcription at the early 
developmental stages of the retina is limited to the inner neuroblastic layer, whereas Vlgr1 
transcripts are detected pan-retinal 
28
. The developmental expression pattern of Ngl-1, 
identified as an interacting protein of whirlin 
9
 also partially overlaps with that of Whrn. 
Transcripts of both genes are found in the striatum, but expression in the retina and in the 
cerebral cortex diverges, as Ngl-1 is abundantly detected in the outer neuroblastic layer and in 
the cerebral cortex 
23
, where Whrn is absent. Transcription of Whrn in the eye is first observed 
at E12.5 in the innermost layers of the neural retina. At this stage, nerve fibers originate from 
the primitive ganglion cells and grow towards the inner surface of the optic cup. In the 
developing photoreceptor cells, Whrn expression was first detected at postnatal stages of 
development (P7), when also a subpopulation of the ganglion cells exhibit staining in RNA in 
situ hybridization. In the inner ear, the earliest transcription was found at E14.5 in the 
maculae of utricle and saccule that have differentiated from the surrounding tissue at this 
stage, and in developing cristae of the semicircular canals. Both the supporting cells and the 
precursors of the sensory cells were stained. Transcription was also detected in the 
vestibulocochlear ganglion from E14.5 onwards. Thus, whirlin functions in the developing 
neurosensory elements of the eye and the inner ear and in addition in ganglion cells of the 
inner ear. 
 In the adult neurosensory tissues of the eye and the inner ear, specific antibodies 
against whirlin enabled us to detect whirlin expression at distinct subcellular sites. 
Interestingly, expression was detected in the synaptic regions of the sensory cells, both in the 
retina and in the cochlea. Hair cells and photoreceptor cells possess ribbon synapses, sites 
where synaptic vesicles are organized along an electron dense ribbon 
19
. These structures are 
specific for neurons that transmit graded signals such as photoreceptor cells, bipolar neurons, 
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hair cells and pinealocytes 
39
. However, since whirlin was detected in the OHC synaptic 
regions that contain ribbon synapses only in the more apical turns of the cochlea 
32
 and not in 
the IHC synaptic regions that in all turns contain the ribbon synapse, it seems unlikely that 
whirlin is a component of this specialized synaptic vesicle organizer but merely has a more 
general role in the organization of the synapse or in synaptic vesicle transmission. This is 
corroborated by the fact that whirlin, also described as CIP-98, was shown to interact with 
CASK in adult rat brain via its PDZ3 region 
44
. CASK is described to function in exocytosis 
of synaptic vesicles 
45,46
, in the alignment of the pre- and postsynaptic machinery through 
interaction with neurexin and in targeting NMDA receptors (reviewed by Kim et al. 
21
). Since 
the OHCs are mainly innervated by efferent terminals, the whirlin staining pattern in the inner 
ear might suggest a participation of whirlin in the synaptic organization or transmission in the 
efferent terminals. The co-localization of the PDZ proteins harmonin and whirlin, and the 
USH2A, VLGR1b, and NBC3 proteins, differentially interacting through PDZ-PBM binding 
at the synaptic terminals in the retina and cochlea (present data, 
36
), suggests that these PDZ 
protein scaffolds organize heterogeneous ensembles of proteins, similar to other synaptic PDZ 
scaffolds (e.g. PSD-95), as reviewed by Kim et al. 
21
. The developmental expression pattern 
of Whrn, the protein-protein interaction data and subcellular protein localizations we present 
here suggest that the composition of these PDZ scaffolds could change at different locations 
in the cell, both during development and in response to e.g. neuronal activity. At the synaptic 
regions, they could be essential for controlling the structure, strength and plasticity of the 
synapses. The scaffolding of USH2A isoform b and VLGR1b with large extracellular regions 
might contribute to structure and strength of the synapse through homophilic or heterophilic 
interactions in the organization of the synaptic cleft, as has been suggested for cadherin 23 
and protocadherin 15 
6,7,33,35
. Whirlin might also contribute to the organization of ion channels 
in the pre- and/or postsynaptic membrane as was shown for other scaffolding proteins 
(reviewed in 
21
). 
Besides at the outer plexiform layer, whirlin, USH2A and VLGR1b co-localize at the 
connecting cilium of photoreceptor cells, as confirmed by the co-localization of whirlin with 
the connecting cilium marker centrin 1 at this subcellular site 
13
. The connecting cilium, 
together with the outer segment, originates from a non-motile primary cilium, and remains in 
mature photoreceptors as the connecting link between the inner segments and outer segments 
5
. The outer segments contain the light-sensory stacked membrane disks that are turned over 
at a high rate, but do not possess organelles for protein and lipid synthesis. These are all 
located in the inner segments, and all inner segments-outer segments translocations are 
dependent on the connecting cilium, using mechanisms comparable to intraflagellar transport 
(IFT). Besides protein transport, the connecting cilium is essential for disk morphogenesis 
possibly through its role in the dynamics of the F-actin network at the distal part of the 
connecting cilium 
8
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Figure 7. Whirlin co-localizes with USH2A and VLGR1b in the inner ear of P20/P26 adult rats. (A-C) Whirlin 
co-localizes with synaptophysin in the synaptic region of OHCs. There, whirlin also co-localizes with USH2A 
and VLGR1b (D-G). In IHCs, whirlin could only be detected in the stereocilia. It does not localize at the 
synaptic region of IHCs, where VLGR1b and USH2A (data not shown) are present (H and I). Whirlin is also 
located in the stereocilia of both IHC and OHC at this age (A-I). In the spiral ganglia, whirlin co-localizes with 
both USH2A and VLGR1b at the cell bodies (J-L). The nerve fibers show immunostaining with anti-whirlin 
antibodies at the habenula perforata (M and N) and the cochlear nerve (M-O). m, middle turn of the cochlea; 
mb, mid-basal region of the cochlea.  
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Dysfunction of components of the connecting cilium and cilia in general are causative 
for both syndromic and non-syndromic forms of retinal degeneration such as Leber congenital 
amaurosis type 6 (LCA6) 
16
, retinitis pigmentosa type 1 (RP1) 
29
, retinitis pigmentosa type 3 
(RP3) 
15
, Usher syndrome 1b 
25
, Senior-Løken syndrome (SLSN) 
30
 and Bardet-Biedl 
syndrome (BBS) 
3
 (reviewed in 
11
). In analogy to the PDZ scaffolds of the synapses, the 
USH2A- VLGR1b-whirlin protein scaffold might play a role in anchoring the connecting 
cilium to the surrounding interphotoreceptor matrix and thus maintaining its structure and 
plasticity, or/and providing additional anchoring points for translocation of other proteins that 
bind to the intracellular regions of USH2A isoform b and VLGR1b to the connecting cilium 
(van Wijk, unpublished data). Interestingly, the Usher protein myosin VIIa (USH1b), SANS 
(USH1g), and cadherin 23 (USH1d) are localized to the connecting cilium 
34
. Myosin VIIa, 
that interacts with whirlin 
9
, is known to function in protein transport along the connecting 
cilium 
5,24
. The scaffold protein SANS (USH1g) and cadherin 23 (USH1d) might be another 
link between USH proteins and basal bodies and thus the connecting cilium. Our data suggest 
that dysfunction of the connecting cilium in addition to dysfunction of photoreceptor synapses 
could be a major factor underlying the RP phenotype in Usher syndrome.  
In the inner ear, whirlin was already shown to be essential for elongation of the 
stereocilia for which interaction with myosin XVa is a prerequisite 
4,9,20,27
. Mutations in the 
DFNB31 gene cause prelingual hearing loss (DFNB31), while Whrn
-/-
 mutant mice are 
profoundly deaf and exhibit defects in stereocilia formation, identified already at E18. No 
visual impairment has been reported to be associated with mutations in the whirlin gene in 
man and mouse, which seems unexpected given the expression of whirlin from early retina 
development until adulthood revealed in our study. Since the age of the patients in the two 
DFNB31 families has not been reported, it cannot be excluded that they will still develop 
retina dysfunction later in life, or that there might be subclinical retinal dysfunction. The 
absence of visual impairment in the whirler mouse has analogy to that in the mice mutated for 
the USH1 genes 
34
. Striking however is, that the two known DFNB31 mutations, as well as 
the wi mutation of the whirler mouse are located downstream of the region encoding PDZ1 
and PDZ2, and thus are not disrupting the domains interacting with USH2A and VLGR1b. 
Using an antibody against whirlin on a multiple tissue immunoblot did detect multiple 
specific signals, corresponding to isoforms of different size. We therefore suggest that a short 
isoform of whirlin, containing PDZ1 and PDZ2, might be sufficient for retina function 
analogous to the rescue of the defect of stereocilia growth by the short C-terminal isoform of 
whirlin 
27
, and that only mutations that affect the expression of a functional PDZ1 or PDZ2 
will lead to a retinal phenotype. Although mutation analysis of the DFNB31 gene by 
sequencing exons and exon-intron boundaries in 20 USH1 patients did not reveal disease 
causing mutations in the gene (results not shown), we propose that in addition to causing 
deafness, mutations in DFNB31 could cause Usher syndrome as well as isolated retinal 
degenerations, though likely in a limited number of cases. It would therefore be worthwhile to 
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screen a larger patient panel with other types of USH and patients with non-syndromic retinal 
degeneration for mutations in the DFNB31 gene. 
 The lack of a retinal phenotype in both man and mice with a defect in the 
DFNB31/Whrn gene could also be explained by functional redundancy, since we previously 
showed co-localization of USH2A and VLGR1b with harmonin in the synaptic region of 
photoreceptor cells 
36
. It would furthermore be interesting to elucidate whether harmonin and 
whirlin interact via PDZ-PBM interaction and thereby show functional redundancy at these 
sites. This apparently does not play a role in the inner ear since mutations in either whirlin or 
harmonin lead to congenital hearing loss.  
The identification reported here that whirlin is a novel PDZ scaffold protein in the 
Usher protein interactome, expressed both in the ear and the eye throughout development, 
suggests that whirlin mediates multiple biological processes that are vital for development and 
function of these sensory organs.  
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Abstract 
 
The highly ordered distribution of neurons is an essential feature of a functional 
mammalian retina. Disruptions in the apico-basal polarity complexes at the outer limiting 
membrane (OLM) of the retina are associated with retinal patterning defects in vertebrates. 
We have analyzed the binding repertoire of MPP5/Pals1, a key member of the apico-basal 
Crumbs polarity complex, that has functionally conserved counterparts in zebrafish (nagie 
oko) and Drosophila (Stardust). We show that MPP5 interacts with its MAGUK family 
member MPP1/p55 at the OLM. Mechanistically, this interaction involves heterodimerization 
of both MAGUK modules in a directional fashion. MPP1 expression in the retina throughout 
development resembles the expression of whirlin, a multi-PDZ scaffold protein and an 
important organizer in the Usher protein network. We demonstrate that both proteins interact 
strongly by both a classical PDZ domain-to-PDZ-binding motif (PBM) mechanism, and a 
mechanism involving internal epitopes. MPP1 and whirlin co-localize in the retina at the 
OLM, at the outer synaptic layer, and at the basal bodies and the ciliary axoneme. In view of 
the known roles of the Crumbs and Usher protein networks, our findings suggest a novel link 
of the core developmental processes of actin polymerization and establishment/ maintenance 
of apico-basal cell polarity through MPP1. These processes, essential in neural development 
and patterning of the retina, may be disrupted in eye disorders that are associated with defects 
in these protein networks. 
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Introduction 
 
The specialized layered structure of the neural retina is a fundamental, conserved 
feature that is essential for the correct perception of detailed visual images. In addition to the 
layered assembly of the different retinal cell types and their processes, cells are also 
distributed in a highly organized fashion within the plane of each cell layer. This retinal 
organization allows the different cell types and their processes to form a dense meshwork of 
cell-to-cell contacts, necessary to transfer, process, and adapt to intercellular signalling 
information. Aside from the fact that the differentiated layers of the retina consist of seven 
major cell classes, studies in zebrafish have shown that all retinal cells originate from a single 
sheet of morphologically uniform neuroepithelium 
31
. In fully stratified adult retinae, the 
apical cell junctions of this epithelium are retained, forming a layer of cell-cell adhesive 
contacts between photoreceptors and Müller glia cells: the outer limiting membrane (OLM). 
During development, retinal cell types migrate away from the neuroepithelium to form the 
inner retinal layers. Although little is known about the molecular cues guiding the positioning 
of neurons in the mammalian retina, the disturbed retinal patterning of the zebrafish nok 
54
, 
ome 
32,34
, has 
34
, glo 
34,47
 and moe 
20
 mutants indicates that the associated proteins, 
MPP5/Pals1 
54,55
, Crb2a 
45
, aPKC 
18
, N-cadherin 
33
 and EPB41L5/YMO1 respectively 
21,30
, 
are crucial for retinal integrity. These proteins are all part of the apico-basal polarity 
complexes at tight junctions and adherens junctions of mammalian epithelial cells. In 
Drosophila, the asymmetric distribution of transmembrane protein Crumbs and its binding 
partner Stardust (Drosophila homologue of MPP5/nok), is instrumental for the generation and 
maintenance of cell polarity and for the regulation of epithelial junction assembly 
2,17,26
. 
Mutations in human Crumbs homologue 1 (CRB1) lead to inherited retinal 
degenerations such as Leber congenital amaurosis (LCA) and retinitis pigmentosa (RP) 
49
. 
The encoded polypeptide localizes apically to the OLM of the mammalian retina 
41
, where it 
interacts with MPP5 
25,52
. At this location MPP5 organizes a protein scaffold that includes the 
MAGUK family members MPP3 
24
 and MPP4 
52
. In addition, MPP5 has also been found to 
interact with Lin-7 
23
, PAR6 
19
, PATJ 
51
, MUPP1 
25
, Ezrin 
5
, and the neuronal GABA 
transporter GAT1 
40
. 
We here describe the identification of the specific interaction between MPP5 and 
MPP1, also known as erythrocyte protein p55, and their co-localization at the OLM. In 
addition to Crumbs protein complex members, some Usher proteins, including whirlin/CIP98 
have been identified at the OLM 
53
. Our results indicate that the multi-PDZ protein whirlin 
also binds to MPP1 at this subcellular site. In addition, whirlin-MPP1 co-localization was 
determined in the outer plexiform layer, containing the synaptic processes of the 
photoreceptors, and at the region of the photoreceptor cilium. Mutations in whirlin are 
implicated in isolated deafness (type DFNB31) 
38
 and in Usher syndrome (type USH2d) 
13
. In 
the inner ear, whirlin was found to be essential in stereocilia organization, and an important 
mediator of actin polymerization 
37,38
. Our current findings suggest a link of the core 
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developmental processes of actin polymerization and generation or maintenance of cell 
polarity through MPP1 interaction with MPP5 and whirlin. 
 
Material and methods 
 
Animals 
Wistar rats (Harlan, The Netherlands) and B6/129 F1 mice used for this study were housed 
under normal conditions with access to food and water ad libitum. All animals were treated in 
accordance with international and institutional guidelines. 
 
DNA constructs 
Human retinal cDNA was used to clone full length MPP5 as well as the SH3+HOOK domain 
(a.a. 337-477), HOOK-end (a.a. 408-675) as described previously 
25
. cDNAs encoding human 
full-length whirlin (amino acids 1–907), PDZ1 (amino acids 138 -233) and PDZ2 (amino 
acids 279–360) were cloned in the pDONR201 vector as previously described 53. Full length 
human MPP1 was cloned using IMAGE clone #2820598. All MPP1 and whirlin constructs 
were made by PCR using the GATEWAY cloning system (Invitrogen, Groningen, the 
Netherlands) using the full length constructs as a template according to the manufacturer’s 
procedures. Gene-specific primers that were used are listed in table 2 in the supporting 
materials and methods. 
 
Yeast two-hybrid 
A GAL4-based yeast two-hybrid system (Hybrizap, Stratagene) was used to screen for 
proteins that interact with MPP5. The DNA binding domain (pBD) fused to the SH3 and 
HOOK domain of MPP5 in PJ69-4A was used as bait on a human oligo-dT primed retinal 
cDNA library 
25
. The human oligo-dT primed retinal cDNA library was transformed in PJ69-
4 and contained 2.1 x 106 primary clones. Positive clones were obtained by cell-to-cell 
mating with an efficiency of 3.4%, resulting in a total number of 13 x 10
6
 clones on selection 
plates lacking tryptophan, leucine, histidine and adenine. In total, 11 clones that contained 
MPP1 were selected based on growth on these plates and by - and -galactosidase activity. 
To map the interacting domains of MPP5, MPP1 and whirlin, constructs fused to pAD and 
pBD were co-transformed in PJ694. If yeast clones grow on selection plates and show 
coloring in the - and -galactosidase activity assays, a protein pair is indicated positive for 
interaction.  
 
Antibodies 
For immunostaining the following antibodies were used: anti--catenin (1:500, Transduction 
laboratories), anti-MPP5 (SN47, 1:250, Dr. J. Wijnholds) 
25
, anti-MPP1 mouse serum A01 (1: 
300, Abnova), anti-MPP1 rabbit serum (1:300, Dr. A.H. Chishti) 
35
, anti-whirlin raised 
against a GST-fusion protein encoding a fragment (a.a. 701–765) of the long isoform (1:500) 
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53
. Secondary antibodies were conjugated with Alexa 488 or Alexa 568 (Molecular probes, 
Leiden, the Netherlands). For immunoprecipitation the following antibodies were used: anti-
MPP5 SN47, anti-MPP1 N-19 (Santa-Cruz), anti-whirlin 
53
, mouse anti-chicken IgG clone 
CG-106 (Sigma). Secondary antibodies: goat anti-chicken HRP, donkey anti-goat HRP, rabbit 
anti-guinea pig HRP from Abcam were used. 
 
GST pull-down and immunoprecipitations 
IPTG inducible BL21-DE3 cells were transformed with GST-MPP5
SH3+HOOK
/pDest15, GST-
MPP1
E-end
/pDest15, GST-MPP1
FL
/pDest15, GST-MPP1
Cdel9
/pDest15, GST-
MPP1
GUK
/pDest15, His-MBP-MPP5
SH3+HOOK
/pDest566 or His-MBP-MPP1
E-end
/pDest566. 
Bacterial cell lysates were prepared as previously described 
14
. Equal amounts of blocked (1.5 
mg/ml BSA) glutathione Sepharose 4B beads (Amersham Pharmacia) with GST, GST fusion 
proteins or beads alone were incubated with 1 ml of bacterial lysates containing His-MBP-
fusion proteins overnight at 4C.  HA-tagged full length whirlin or PDZ3 of whirlin was 
expressed in COS-1 cells as described previously 
53
. COS-1 cells were lysed in 50 mM Tris 
pH 7.5, 150 mM NaCl, 0.5% Triton-X100 and passed several times through a needle. Equal 
amounts of COS-1 cell lysate were incubated with GST-MPP1 fusion proteins overnight at 
4C. After several washes with lysis buffer and TBS containing 1% triton X-100 and 2 mM 
DTT, beads were boiled and proteins were resolved on SDS-PAGE. For Western blotting, 
proteins were electrophoretically transferred onto nitrocellulose membranes, blocked in 5% 
milk (BioRad) and incubated with primary rabbit antibody anti-His (H-15, Santa Cruz) or 
mouse monoclonal anti-HA (Sigma) and secondary antibody goat anti-rabbit Alexa680 
(Molecular probes) or goat anti-mouse IRDye800 (Rockland). The bands were visualized 
using the Odyssey infrared imaging system (LI-COR Biosciences). 
For immunoprecipitations, bovine retinas obtained from the slaughterhouse or mouse retinas 
(P90) were used. Cytosolic and membrane fractions were prepared as described previously 
52
. 
Mouse monoclonal anti-chicken IgGs were pre-coupled to Dynabeads protein G (Invitrogen, 
Groningen, the Netherlands, 15 μg/reaction), followed by a second round of coupling of 
chicken anti-MPP5 antibody SN47 (10 μg/reaction). Both antibodies were covalently 
crosslinked to the magnetic beads using DMP (Pierce) according to manufacturer’s 
procedures described in the Dynabeads protocol. These beads were incubated with the bovine 
retinal membrane fraction for 2 hours at 4°C. MPP1 N-19 antibody (10 μg/reaction) was 
covalently coupled to Dynabeads protein G beads and subsequently incubated with the 
membrane fraction of mouse retinas for 2 hours at 4°C. Protein A/G agarose beads (Santa 
Cruz) were incubated with 2 μl of whirlin antibody, followed by overnight incubation with 
precleared mouse retinal cytosolic extract. After incubations, the beads were pelleted and 
washed three times with extraction buffer or lysis buffer for the cytosolic fraction and 
membrane fraction respectively. Beads were boiled and proteins were resolved on SDS-
PAGE. For Western blotting, proteins were electrophoretically transferred onto nitrocellulose 
or PVDF membranes, blocked with 5% non-fat dry milk (Biorad) in PBST (0.1%Tween) and 
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analyzed with the appropriate primary and HRP secondary antibodies in 1% milk in PBST. 
For the analysis of MPP1 in the co-immunoprecipitation experiment with MPP5, anti-MPP1 
mouse serum A01 (Abnova) was used. Bands were visualized using Supersignal West Pico 
Chemiluminescent substrate from Pierce. 
 
Expression profiling 
Total RNA was isolated from different human tissues, a D407 cell line and an ARPE-19 cell-
line as described previously 
12
. For the semi quantitative RT-PCR, 3.1 g RNA was reverse 
transcribed using random hexanucleotides 
11
. A touchdown PCR was performed on 62 ng 
cDNA for the MPP1-7 genes and the housekeeping gene GUS, which served as a standard. 
Used primer combinations are described in supporting materials and methods. 
 
In situ hybridization 
Mouse embryos (E12.5-E18.5) and adult mice (P7 and P90) were collected and prepared for 
in situ hybridization as described previously 
53
. The MPP1 probe contains the last 3 exons and 
part of the 3’UTR. 
 
Immunohistochemistry 
Unfixed eyes of Wistar rats (P20) and mice (P90) were isolated and frozen in melting 
isopentane. Cryosections of 10 m were made and treated with 0.01% Tween-20 in PBS 
followed by a blocking step with blocking solution (0.1% ovalbumin, 0.5% fish gelatin in 
PBS) as described previously 
53
. Sections were incubated overnight with primary antibody 
diluted in blocking solution and for 1 hour with secondary antibody conjugated to Alexa 488 
or 568 (Molecular probes, the Netherlands). Sections were embedded with Prolong Gold 
Anti-fade (Molecular Probes). For imaging, a Zeiss Axioscop 2 fluorescence microscope with 
Axiovision software was used.  
 
Pre-embedding immunoelectron microscopy 
Labeling was performed as described previously 
4
. Vibratome sections through mouse retina 
were stained by primary antibodies against whirlin and MPP1 and visualized by appropriate 
secondary antibodies (Vectastain ABC-Kit, Vector, England). After fixation with 0.5% OsO4 
specimen were embedded in araldite and ultrathin sections were analyzed with a FEI Tecnai 
12 TEM. 
 
Molecular modeling of MPP1 and MPP5 
The homology model of MPP1 (Swiss Prot entry EM55_HUMAN) was built using the 
protocol described for MPP4 and MPP5 previously 
25
. The modeling template was again the 
SH3-GUK module of Postsynaptic Density Protein 95 (PSD-95) with approximately 40% 
sequence identity, solved at 1.8 Å resolution 
39
 (PDB ID 1KJW). To estimate the relative 
affinities (Table 1) of the three homodimers (MPP1-1, MPP4-4, MPP5-5) and the three 
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heterodimers (MPP1-4, MPP1-5, MPP4-5), molecular models of all nine different SH3-GUK 
complexes were derived by permutating the domains of the initial models and re-optimizing 
the side-chains with the molecular modeling program YASARA (www.yasara.org), such that 
the NOVA force field energy was minimal and binding energies could be calculated 
25,28,29
. 
Coordinate files of the models are available from the authors upon request. 
 
Results  
 
MPP5 specifically interacts with MPP1 
Since MPP5 contains a number of protein-protein interaction domains (Fig. 1A), a 
scaffolding function was assigned to this protein. To identify interactors for the SH3+HOOK 
domain of MPP5, we previously screened a human oligo-dT primed retinal cDNA library and 
isolated MPP4 as an interacting protein 
25
. As homology modeling suggested a potential 
heterodimerization of different MPP family members, we expanded the yeast two-hybrid 
screening using an optimized cell-to-cell mating protocol. Besides MPP4, we identified 13 
prey clones expressing MPP1 (Fig. 1B), but no other clones for MPP family members. All 
MPP1 clones contained part of the SH3 domain, the HOOK domain and GUK domain. Unlike 
other MAGUK family members, MPP1 does not contain L27 domains. The MPP1
E-end
 and 
MPP1
SH3+HOOK
 constructs were used in yeast two-hybrid (Fig. 1C) as well as biochemical 
assays (Fig. 1D and supporting figure 6) to pinpoint the interacting domains of MPP1 and 
MPP5 and determine their binding specificity. Yeast two-hybrid analysis of several MPP1 
and MPP5 constructs showed that the interaction is directional (Fig. 1C); the MPP1
prey
 
containing the GUK domain interacts with the SH3+HOOK domain of MPP5, but the 
SH3+HOOK domain of MPP1 lacks binding affinity for the GUK domain in MPP5
HOOK-end
. 
In addition, the SH3+HOOK domain of MPP1 can bind the MPP1
E-end
 protein that contains 
the GUK domain. This indicates that, similar to other MPP and MAGUK proteins, the SH3 
and GUK molecules are involved in intramolecular binding in the same fashion as its 
intermolecular binding with MPP5. This intramolecular binding may prevent 
homodimerization in vitro, as we could not detect interaction of the full length MPP1 proteins 
in the yeast two-hybrid assay. GST pull-down analysis confirmed the interaction between the 
SH3+HOOK domain of MPP5 and the C-terminus of MPP1 (Fig. 1D and supporting figure 
6). 
 
Analysis of the MPP1- MPP5 interaction by molecular modeling 
In our initial work on the MPP4-MPP5 interaction, molecular modeling predicted a 
high binding affinity due to several salt-bridges 
25
. Here we repeated the analysis not only for 
MPP1-MPP5, but also for all six homo- and heterodimers that can be formed by MPP1, 
MPP4 and MPP5. In silico binding energies were calculated as described previously 
25
 and 
are listed in Table 1. The predicted binding energy of the MPP4 homodimer was the highest, 
followed by MPP4-MPP5, while dimers involving MPP1 are ranked last. Visual inspection  
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Figure 1. MPP5 binds to MPP1 by a GUK/SH3 domain swap. (A) Schematic representation of the overall 
domain composition of MAGUK protein MPP5. Two L27 domains and the MAGUK module containing a PDZ, 
SH3 and GUK domain are present. A HOOK domain is found between the SH3 and GUK domain. Strands A 
and D flanking the SH3 domain and E and F flanking the GUK domain were identified according to homology 
with PSD-95. MPP5
SH3+HOOK
 was used as bait. The MPP5
HOOK-end
 construct is used in a yeast two-hybrid assay 
to determine the specificity of the interaction between MPP1 and MPP5. (B) Identical MPP1 preys were found 
and MPP1
E-end
, MPP1
SH3+HOOK
, MPP1
GUK
 and MPP1
FL 
constructs were made. (C) The MPP1
prey
 interacts with 
the MPP5
SH3+HOOK
, but MPP1
SH3+HOOK
 does not bind to MPP5
HOOK-end
. Full-length MPP1 proteins do not bind to 
each other, whereas selected parts of the MAGUK modules do. (D) GST-MPP1
E-end
 pulled down MPP5
SH3+HOOK
. 
Beads alone or GST did not interact with MPP5, while MPP1 did not bind the MBP tag in the control 
experiment, showing that this interaction is specific. (E) Homology modeling of the MAGUK modules of MPP1 
and MPP5. The interacting GUK and SH3 domains of MPP1 (red and yellow, respectively) and MPP5 (cyan and 
green) separate and form a heterodimer consisting of two mixed GUK/SH3 complexes. The domain linker 
regions in MPP1 and MPP5 (shown in blue) are both long enough to support this rearrangement. The proposed 
mechanism of the MPP1-GUK/MPP5-SH3 (red, green) interaction is shown as a close-up: Lys 351 and His 353 
in MPP5-SH3 interact with Asp 431 and Glu 272 in MPP1-GUK via a salt-bridge and a hydrogen bond, 
respectively. In addition, the GUK domain places Tyr 271 in the hydrophobic core of the SH3 domain, a strong 
but unspecific interaction found in all heterodimers. 
 
shows that this is mainly due to a smaller contact interface with fewer salt-bridges. 
Nevertheless, homology modeling of the MAGUK modules supports MPP1-MPP5 
heterodimer formation (Fig. 1E), and is predicted to reach an affinity close to MPP5-MPP5 
(Table 1).  
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Table 1. Estimated in silico binding energies for the six different dimers of MPP1, -4, -5, sorted from highest to 
lowest affinity. Each binding energy is the sum of the two GUK-SH3 interactions. 
 
Complex Energy (kcal/mol) 
MPP4-MPP4  378 
MPP4-MPP5  323 
MPP5-MPP5  294 
MPP1-MPP5  283 
MPP1-MPP4  266 
MPP1-MPP1  250 
 
MPP1 binds MPP5 at the outer limiting membrane of the retina 
Expression analysis by semi-quantitative RT-PCR on a panel of RNAs from several 
human tissues showed that MPP1 is ubiquitously expressed as other MPP family members, 
except MPP4, which is mainly found in the retina (Supporting figure 7). We used RNA in situ 
hybridization on mouse cryosections to monitor the cellular levels of MPP1 transcripts, and 
detected a distinct signal in the eye from E14.5 onwards. Intense staining was present in the 
liver and primitive gut, whereas the umbilical vein, the ventricular layer of the CNS and 
upper/ lower jaw region showed lower signal intensity (Fig. 2A). At E14.5 (Fig. 2B) and 
E16.5, expression in the liver and stomach was maintained. In addition, expression was 
present in bonestructures (e.g. zygomatic bone, lower jawbone), cranial nerve ganglia (e.g. 
trigeminal (V) ganglion), and cochlea (Fig. 2D). When viewed at higher magnification, the 
expression of MPP1 in the eye could be ascribed to the neuroblastic layer (Fig. 2F), the same 
cell layer in which the whirlin transcript was found to be expressed 
53
. At E16.5 and E18.5 a 
slightly higher intensity of staining in the neuroblastic layer was seen (Fig. 2G, H). At E16.5, 
strong staining in the upper part of the gut was maintained and with the onset of ossification, 
expression was seen in all bone structures of the body (e.g. femur, Fig. 2E). At P7 and P90, 
MPP1 expression in the eye was identified in the ganglion cell layer, the inner nuclear layer 
(INL) and photoreceptor cell layer (Fig. 2I, J). 
The subcellular localization of MPP1 in the retina was analyzed using polyclonal 
antibodies against MPP1 in cryosections of the rat retina. We detected MPP1 expression in 
the outer plexiform layer (OPL), the outer limiting membrane (OLM), the inner segments 
(IS), around the nuclei of the outer nuclear layer (ONL) and at the connecting cilium (CC) 
region that separates the inner and the outer segments, with both anti-MPP1 rabbit and mouse 
sera.  In addition, MPP1 was detected in the retinal pigment epithelium (RPE) (Fig. 3A1). No 
staining in the inner nuclear layer, inner plexiform layer and ganglion cell layer was found 
(data not shown), although the MPP1 transcript was detected in the latter. Co-staining with 
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anti--catenin, a marker for the OLM and OPL, confirmed the presence of MPP1 at these 
locations (Fig. 3A2 and A3 and C2). 
 
 
Figure 2. MPP1 expression analysis by RNA in situ hybridisation on embryonic and adult mouse tissues. In 
sagittal whole embryo cryosections low levels of expression were seen throughout the embryo. (A) MPP1 
expression at E12.5 in 1. liver; 2. umbilical vein; 3. primitive gut; 4. neuroepithelium; and 5. upper jaw region. 
Scalebar is 300 m. (B) At E14.5, expression was maintained in 1. the liver; and 2. stomach. (C) Hybridisation 
with a MPP1 sense probe did not show tissue labeling. (D) At E16.5, the 1. zygomatic bone; 2. lower jawbone; 
3. trigeminal (V) ganglion; and 4. cochlea showed expression of MPP1. (E) A strong signal was also observed 
in 1. femur; 2. liver; and 3. small intestine at this stage. Scalebar is 20 m. (F) In the eye, a slightly higher 
signal intensity compared to surrounding tissues was observed in the inner neuroblastic layer. (G) No staining 
was observed in the eye after sense probe hybridisation. (H) At E16.5 and (I) E18.5 expression was maintained 
in the neuroblastic layer and appeared in the developing photoreceptor layer. (J) At P7 and (K) P90, expression 
in 1. ganglion cells; 2.inner nuclear layer (INL) and 3. photoreceptor cell layer was seen. Scalebar is 20 m. 
 
Co-staining with connecting cilium marker acetylated tubulin revealed some overlap, 
but most of the MPP1 signal is detected just below the axoneme of the connecting cilium (Fig 
3B). Co-staining of retinal sections with antibodies against MPP1 and MPP5 confirmed their 
co-localization at the OLM in the rat (Fig. 3C) as well as in the mouse retina (data not 
shown). 
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Figure 3. MPP1 and MPP5 interact at the outer limiting membrane of the neural retina. (A) Staining of retinal 
cryosections using MPP1 rabbit serum (red) detected the protein at the  OPL, ONL, OLM, inner segments, RPE 
and at the connecting cilium region. (A2) Co-staining with an anti--catenin antibody (green signal), a marker 
for the OLM and OPL, confirmed the presence of MPP1 at these locations, as shown by the yellow signal in the 
overlay (A3). (B) Co-staining of MPP1 with an antibody against the connecting cilium marker acetylated 
tubulin. (C1) Anti-MPP5 only stained the OLM, and co-staining with anti-MPP1 (C2) indicates their co-
localization in the overlay (C3). (D) Immunoprecipitation with MPP5 antibody precipitates MPP5 (75 kD) as 
well as MPP1 (55 kD) from bovine retina (left panels, IP control is IgG). In the reverse experiment, MPP1 
antibody co-immunoprecipitates MPP5 from mouse retina (right panel). 
  
Immunoprecipitations from retinal lysates were performed to detect a physical 
interaction between MPP1 and MPP5. Anti-MPP5 antibody precipitated both MPP5 (75 kDa) 
as well as MPP1 (55 kDa) from bovine and mouse retinas (Fig. 3D, left panels and data not 
shown). The reciprocal immunoprecipitation experiment using anti-MPP1, coprecipitated 
MPP5, confirming their presence in the same protein complex (Fig. 3D, right panel). 
 
MPP1 binds whirlin at multiple subcellular locations in the retina 
Although a whirlin-MPP1 interaction has previously been described 
58
, the mechanism 
of interaction was not analyzed in detail. We used different fragments of the long isoform of 
whirlin (Fig. 4A) to determine the epitopes interacting with the C-terminus of MPP1 that is 
homologous to the C-terminus of CASK (Fig. 4B), another known interactor of whirlin 
58
. 
Using yeast two-hybrid analysis, we could determine that PDZ3 of whirlin binds to the C-
terminal region of MPP1 (MPP1
E-end
) containing the atypical PDZ-binding motif (PBM). 
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Constructs containing PDZ1+2 of whirlin did not bind (yeast two-hybrid data not shown). We 
could confirm binding of whirlin
PDZ3
 to GST-MPP1
E-end
, but not GST-MPP1
GUK
 or unfused 
GST in a GST pull-down assay (Fig. 4C). Using homology modeling of the interaction of the 
PDZ-binding motif at the C-terminus of MPP1 with PDZ3 of whirlin, we were able to predict 
that this interaction is structurally feasible (Fig. 4D). Strikingly, when using a mutant MPP1 
protein with a C-terminal 9 amino acid deletion in these interaction studies, binding to the 
long isoform of whirlin was not absent, only reduced compared to the full-length MPP1 
protein. A similarly weak binding could be observed for full-length whirlin and the MPP1
GUK
 
fragment  (Fig. 4E). These findings point to an additional interaction mechanism, besides the 
PDZ-PBM mechanism. 
 
 
 
Figure 4. Whirlin can bind to MPP1 by two different mechanisms. (A) Schematic representation of the long and 
short isoform of whirlin. The short isoform has an alternative starting sequence of 37 amino acids. Starting 
position is indicated relative to the  long isoform. Both isoforms contain a proline rich region (P) and the PDZ3 
domain. A construct that contains the PDZ3 domain of whirlin is used for further biochemical analysis. (B) 
Alignment of the nine C-terminal amino acids after the GUK domain of different MAGUK proteins. (C) 
Bacterially expressed GST-fusion proteins of MPP1
E-end
 and MPP1
GUK
 were used to determine the minimal 
binding domain required for interaction with the PDZ3 domain of HA-tagged whirlin. GST-MPP1
E-end
 did bind 
to whirlin
PDZ3
, whereas MPP1 containing only the GUK domain did not. Some background signal of GST-fusion 
proteins is detected in lane 2 and 3. (D) Homology modeling of the MPP1 C-terminus bound to the C-terminal 
whirlin PDZ3 domain (PDB 1UFX) indicates that the core motif of the interaction is the peptide's C-terminal 
carboxyl group tightly bound by three backbone NH groups, a common feature in PDZ-PBM interactions. 
However, this interaction is not possible in 1UFX (the whirlin PDZ structure) since one peptide plane is flipped 
and a C=O faces the carboxyl group. Therefore, it is predicted that Gly 857 in whirlin must undergo a 
conformational change to allow binding, which is represented in the figure. (E) The full length HA-tagged 
whirlin can bind to the GST-fused full-length MPP1 protein without the C-terminal 9 amino acid of MPP1 
(GST-MPP1
C9
). However, the interaction with MPP1
FL
, the full-length protein that contains the PDZ-binding 
motif is stronger (equal amounts of proteins were used). The C-terminal part of MPP1 (MPP1
E-end
) also binds 
strongly to full length whirlin, whereas the GUK domain of MPP1 (MPP1
GUK
) without the PDZ-binding motif 
still has reduced affinity. 
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Figure 5. MPP1 interacts with whirlin in photoreceptors. (A-B) Retinal cryosections were stained using 
polyclonal antibodies against whirlin (A1) and MPP1 (A2). The signals show a near-complete overlap in the 
overlay (A3). (B) The most prominent staining was found at the OPL, OLM and around the inner segments (IS). 
(C) Immunoprecipitation of whirlin using a polyclonal anti-whirlin antibody precipitated whirlin from mouse 
retinal lysates (top). MPP1 co-precipitated with anti-whirlin (bottom). As a control, protein A/G agarose beads 
without primary antibody were used. (D) Pre-embedding immunolabeling of the ciliary region of mouse 
photoreceptors by antibodies against whirlin shows a clear staining of the calycal processes (CP), the basal 
bodies (arrow heads) (D1 and D2) and of the connecting cilium (indicated by asterisks) (D2). Sections stained 
with anti-MPP1 show an identical signal in the basal bodies and the connecting cilium (E1 and E2), but not in 
the calycal process. Bars in D1 0.5 m; D2 0.25 m; E1 and E2 0.2 m. 
 
Recently, a complex of whirlin and MPP1 was described to localize to the stereocilia 
tips in hair cells of the inner ear 
37
, but a similar complex in the retina has never been 
reported. Excitingly, the localization of MPP1 in the retina strongly resembled the localization 
pattern of whirlin 
53
. Immunohistochemical analysis of rat retinal sections using antibodies 
against whirlin and MPP1 clearly confirmed the co-localization of both proteins at the OPL, 
the OLM, at the region of the connecting cilia, and somewhat weaker at the inner segments 
(Fig. 5A and B). In order to confirm the presence of both proteins in the same retinal protein 
complex, we performed co-immunoprecipitation analysis. The anti-whirlin antibody 
efficiently precipitated whirlin (Fig. 5C, top panel), and MPP1 co-precipitated as part of the 
same protein complex from the mouse retina (Fig. 5C, bottom panel). 
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The distinct co-localization of MPP1 and whirlin at the connecting cilium is 
particularly interesting, as this region has been shown to harbor many proteins associated with 
inherited retinal degeneration. Mutations in the centrosome/ciliary protein CEP290 (NPHP6) 
6,10
 and the ciliary protein lebercilin 
9
 are causative for LCA, while mutations in motor protein 
myosinVIIa are responsible for Usher syndrome type 1b 
56
. Aberrations in Retinitis 
Pigmentosa GTPase Regulator (RPGR) and its interacting protein (RPGRIP1) are causative 
for X-linked retinitis pigmentosa and LCA, respectively 
15,16,27,42,50
. We therefore analyzed the 
connecting cilium region in detail by immuno-electronmicroscopy (Fig. 5 D and E). Using 
specific antibodies against whirlin and MPP1, we determined the localization of both proteins 
in the basal bodies and the connecting cilium itself. In addition, whirlin is detected in the 
calycal processes surrounding the connecting cilium. 
 
Discussion 
 
Basic cell polarity and cell adhesion processes that are intimately connected, govern 
the formation and maintenance of the layered structure of the retina. Although the association 
with polarity defects is not yet well understood, loss of the correct apico-basal distribution of 
the associated protein complexes at the cell membranes may trigger the developmental 
disorganization. In this study, we have assessed one of the key members of the apico-basal 
polarity complexes, MPP5, for protein-protein interactions that could provide clues for its 
involvement in retinal patterning. We identified MPP1 as a novel interactor, and by homology 
modeling predicted a binding mechanism of homo- as well as heterodimerization of the 
MAGUK modules. Our data indicate that this only occurs in specific orientations of these 
modules.  
MPP1 is known to bind glycophorin C and protein 4.1 in a complex that facilitates 
subcortical cytoskeleton-membrane linkage in erythrocytes and has a scaffold function in 
postsynaptic regions of neurons in the brain 
7,22
. A role for this protein in the retina however 
has never been described. Our findings indicate that MPP1 has several functions in the retina. 
As a novel member of the Crumbs/MPP5 protein network, it may be a crucial factor in 
connecting the Crumbs protein complexes and/or the actin cytoskeleton to the membrane, 
analogous to its function in erythrocytes. Its binding to the transmembrane protein 
glycophorin-C 
36
 and CASK 
43
 was not studied here, but may also be needed to provide an 
accurate docking point to establish specific membrane subcompartments, either in synaptic 
processes in the OPL or at the OLM.  
We demonstrate that the MPP1 gene is ubiquitously expressed, in adult tissues and 
throughout development. Its expression in the retina showed striking similarities to the retinal 
expression pattern of DFNB31, the gene encoding whirlin 
53
. During development of the 
retina, expression is highest in the inner, neuroblastic layer, while at later stages it is also 
present in the photoreceptor cell layer. The increasing expression of whirlin and MPP1 in the 
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inner neuroblastic layer during early development may implicate that these proteins indeed 
play a role at the early stages of retinal pattern formation. 
Multi-PDZ protein whirlin is associated with inherited isolated deafness (DFNB31) 
38
 
and Usher syndrome (USH2d) 
13
. We and other recently identified whirlin as a key player in 
the Usher protein network both in the retina and in the inner ear 
1,53
. As the whirlin-MPP1 
interaction was previously identified as a preliminary result from a yeast two-hybrid screen, 
but without further confirmation 
58
, we analyzed the direct interaction of whirlin and MPP1. 
We confirmed the interaction in the yeast two-hybrid system, by GST pull-down analysis and 
by co-immunoprecipitation from retinal extracts. We could also specify the binding 
mechanism to a classical PDZ-amino terminal PBM interaction, in combination with a second 
mechanism, which most likely involves different internal epitopes. Very recently, the MPP1-
whirlin interaction was also identified in the inner ear at the stereocilia tip 
37
. Our PDZ3-PBM 
interaction data specify in more detail the PDZ3-GUK interaction that was suggested by 
Mburu et al. 
37
. 
Interaction of MPP1 with whirlin may provide a physical connection of the Usher 
protein network and the Crumbs protein complex at the OLM, via MPP5. A schematic 
representation of these interactions is given in Figure 6.  
 
 
 
Figure 6. Schematic representation of the link between the Crumbs and Usher protein networks via MPP1. 
Transmembrane proteins CRB1 and Usher2A bind with their PDZ-binding motifs (PBM) to the PDZ domain of 
MPP5 and PDZ1/PDZ2 of whirlin, respectively. MPP5 interacts with MPP1 via the SH3-GUK domain binding 
mechanism, while the C-terminus of MPP1 is involved in binding to PDZ3 of whirlin. An additional binding 
mechanism is involved in the latter which remains to be specified. 
 
It was also previously shown, that other MPP5-associated members of the Crumbs protein 
complex are present at the OLM 
25,52
, as is true for multiple whirlin-associated members of 
the Usher protein network 
48,53
. MPP5 localization is limited to the OLM, whereas MPP1 is 
also present at the synaptic layer (OPL), the inner segments and the region of the connecting 
cilium, in a pattern strongly resembling the retinal localization of the Usher syndrome-
associated proteins whirlin, USH2A and VLGR-1 
53
. Detailed immuno-EM analysis revealed 
the presence of both MPP1 and whirlin in the basal bodies and, to a somewhat lesser extent, 
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in the ciliary axoneme of the photoreceptor cilium. We also detected whirlin in the calycal 
processes of the photoreceptor, the periciliary region. MPP1 was not found at this specific 
subcellular site. The role of the whirlin-MPP1 interaction at the connecting cilium and basal 
bodies remains to be determined, but a number of findings suggest a role for both proteins in 
actin organisation and dynamics. Interaction of whirlin with myosin XVa suggests a role in 
polymerization of the actin filaments that extend beneath the ciliary membrane (similar as in 
stereocilia development) 
3,8
, while association with myosin VIIa provides a link to actin-based 
opsin transport in the connecting cilia 
57
. The known association of MPP1 with 4.1R and the 
recently identified co-localisation in stereocilia of the inner ear suggest a role in actin 
organisation beyond their function in erythrocytes 
37,44
. Alternatively or simultaneously, 
MPP1-whirlin may also contribute to the maintenance of a radial microtubule organization at 
the basal bodies and connecting cilia by 4.1R, similar to the role of 4.1R in centrosomes 
46
.  
 The co-localization of MPP1, MPP5 and whirlin in the retina indicates the 
complementary nature of their interaction. Although the exact roles of these newly identified 
partnerships in the retina remain to be determined, our current findings suggest a link between 
the core developmental processes of actin polymerization and cell polarity establishment or 
maintenance through MPP1. We argue that their interaction, co-localization and co-
expression patterns are in line with an important role in generating apico-basal polarity and 
patterning of the retina, processes that may be disrupted in the inherited disorders associated 
with defects in the Crumbs and Usher protein networks. 
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Supplementary material 
 
 
 
 
Supporting figure 7. GST pull-down MPP1 and MPP5. In a GST pull-down assay, the SH3+HOOK domain 
of MPP5 pulled down the C-terminal part of MPP1 containing the GUK domain. Beads alone or GST were not 
able to interact with MPP1, while MPP5 did not bind the MBP tag in the control experiment, showing that this 
interaction is specific. 
 
 
 
 
Supporting figure 8. RT-PCR analysis of the MPP family of genes. Comparison of the expression of MPP1 
with the other MPP family members using semi-quantitative RT-PCR analysis of different tissues indicates that 
MPP1 is most ubiquitously expressed. 1. retina; 2. fetal cochlea; 3. fetal brain; 4. kidney; 5. heart; 6. fetal eye; 7. 
ARPE cell line; 8. brain; 9. testis; 10. skeletal muscle; 11. lung; 12. negative control (water). The housekeeping 
gene GUS served as a positive control. 
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Supplementary material and methods 
 
DNA constructs 
Gene-specific primers that were used to generate MPP1 and whirlin constructs are listed in 
table 2. The start/stop codons are underlined and amino acid positions are given between 
brackets. 
 
Table 2. Sense and antisense primer sequences for GATEWAY constructs.  
 
Construct (a.a. position) Sense Antisense 
hMPP1FL (1-466) 
hMPP1SH3+HOOK (161-265) 
hMPP1E-end (268-466) 
hMPP1C9 (1-457) 
hMPP1GUK (281-454) 
hWhirlinPDZ3 (561-907) 
5’-ATGACCCTCAAGGCGAG-3’  
5’-ATGTTCATGAGAGCGCAGTTTG-3’ 
5’-TACGAGGAAGTCGTTCGGC-3’ 
5’-ATGACCCTCAAGGCGAG-3’ 
5’-AAGAGGAAGACCCTGGTGC-3’ 
5’-CTCCCAGATGTGTCCGTG-3’ 
5’-AACCCAGGAGACAGGC-3’ 
5’-CTGATCAAAAATCGAGCTGTG-3’  
5’-TCAGTAAACCCAGGAGACAGGC-3’ 
5’-TCATGGAGAACTGCACGCTTGG-3’ 
5’-GCACGCTTGGTCGAAGGC-3’  
5’-GCTAGAGCATCACATTGAACTC-3’   
 
Expression profiling 
For MPP gene expression profiling, the following primer pairs were used: 5’-
AAGTATGGCTCAGTCAGCTC-3’(sense) and 5’-GGACAGGGTACACAAACTTCT-3’ 
(antisense) for MPP1, 5’-AGCGAATGATGTATTTGACC-3’ (sense) and 5’-
GTCAATACGTGTGCCATACA-3’ (antisense) for MPP2. 5’-
AAAGAGACCTGTGACTGTGAG-3’ (sense) and 5’-AAGTGCTGTGGGTTCTCAG -3’ 
(antisense) for MPP3. 5’-GTATCTCACAACCAGAAATGC-3’ (sense) and 5’- 
ACCACATAGGGCATAAACTC-3’ (antisense) for MPP6. 5’- 
GCAAGAAGAGTGATCAGTACG -3’ (sense) and 5’- TGAGTCTATACTTGTGCCGTAG 
-3’ (antisense) for MPP7.  5’-GATCCACCTCTCGATGTTCAC-3’ (sense) and 5’-
CCTTTAGTGTTCCCTGCTAG -3’ (antisense) for GUS. 
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Abstract 
 
Usher syndrome (USH) and Leber congenital amaurosis (LCA) are autosomal 
recessive disorders resulting in syndromic and nonsyndromic forms of blindness. In order to 
gain insight into the pathogenic mechanisms underlying retinal degeneration, we searched for 
interacting proteins of USH2A isoform B (USH2A
isoB
) and the LCA5-encoded protein 
lebercilin. We identified a novel isoform of the centrosomal ninein-like protein, hereby named 
Nlp isoform B (Nlp
isoB
), as a common interactor. Although we identified the capacity of this 
protein to bind calcium with one of its three EF hand domains, the interaction with USH2A
isoB
  
did not depend on this. Upon expression in ARPE-19 cells, recombinant Nlp
isoB
, lebercilin,  
and USH2A
isoB
 were all found to co-localize at the centrosomes. Staining of retinal sections 
with specific antibodies against all three proteins revealed their co-localization at the basal 
bodies of the photoreceptor connecting cilia. Based on this subcellular localization and the 
nature of their previously identified binding partners, we hypothesize that the pathogenic 
mechanisms for LCA and USH show significant overlap and involve defects in ciliogenesis, 
cilia maintenance, and intraflagellar and/or microtubule-based transport. The direct 
association of Nlp
isoB
 with USH2A
isoB
 and lebercilin indicates that Nlp can be considered as a 
novel candidate gene for USH, LCA and allied retinal ciliopathies. 
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Introduction 
 
Usher syndrome (USH) is the most common cause of combined deaf-blindness with a 
prevalence of about 1 in 20,000 in the Caucasian population 
42,59,63
. It is a clinically and 
genetically heterogeneous disorder, for which three different types can be distinguished based 
on the severity and progression of the hearing loss, the presence or absence of vestibular 
symptoms and the age of onset of retinitis pigmentosa (RP) 
62
. To date, six different genetic 
loci have been identified for USH type I (USH1), three loci for USH type II (USH2) and one 
locus for USH type III (USH3) (reviewed in 
34
). Mutations have been identified in the genes 
encoding myosin VIIa, harmonin, cadherin 23, protocadherin 15, and SANS as the underlying 
defect in USH1b, -c, -d, -f and -g, respectively 
5,11,12,68-70
. Defects in USH2A, GPR98 
(VLGR1) and whirlin are causative for USH2a, -c and -d, respectively 
19,20,66,71
. USH3 is 
caused by mutations in the clarin-1 encoding USH3A gene 
31
. 
Recently, we and others have shown that all known USH1 and USH2 proteins are 
present in a protein network, the Usher interactome, in which harmonin and whirlin play the 
role of key organisers that interconnect the other USH proteins 
3,4,10,41,54,67
. Localization 
studies in rodents revealed that this interactome is present in the stereocilia and the synaptic 
region of hair cells in the cochlea, and in the synaptic region of photoreceptor cells. Except 
for harmonin, all known USH1 and USH2 proteins are also present at the region of the 
connecting cilium of photoreceptor cells, a microtubule-based structure which separates the 
outer segments from the inner segments 
41
. This region encompasses the connecting cilium, 
its basal body and centriole as well as the periciliary region surrounding the connecting 
cilium. In the region of the connecting cilium, the Usher interactome may be recruited via 
PDZ (postsynaptic density 95, PSD-95; discs large, Dlg; zonula occludens-1, ZO-1) domain 
based interactions with whirlin 
38,41,67
. Based on the localization of  the Usher protein network 
to the region of the connecting cilium and the identification of ciliary abnormalities in 
photoreceptor cells and sperm cells of several patients with USH 
26
, the syndrome can be 
considered as a (retinal) ciliopathy 
2
. Recent phenotypic data of patients with different Usher 
subtypes (USH1b, -1f, -2a or -2c) also suggests that the primary pathogenic insult does not 
take place at the photoreceptor synapse 
29
. 
Leber congenital amaurosis (LCA) is another clinically and genetically heterogeneous  
recessive disorder which has been described as a severe form of retinitis pigmentosa 
presenting before the age of one year with the absence of photoreceptor function 
35
. Patients 
present with profound visual loss, nystagmus, poorly reactive pupils and a markedly 
diminished or non-detectable electro-retinogram 
23,35
. Defects in the centrosomal and cilia-
associated proteins RPGRIP1, CEP290 and lebercilin (encoded by LCA5) have been 
identified to be associated with LCA 
6,16,17
, implicating a role of these proteins in ciliary 
processes. 
At the moment, mutations in several different genes have been described to be the 
underlying cause of USH and LCA, but the molecular basis of the pathogenic defects of these 
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syndromes still remains largely elusive. Based on similarities in clinical manifestations and 
the subcellular localization of proteins involved in USH and a number of proteins involved in 
LCA, the pathogenic mechanisms underlying both disorders might significantly overlap. In 
order to gain a better insight into the molecular basis of USH and LCA we searched for novel 
interacting partners of the recently identified lebercilin (LCA5) and the intracellular region of 
USH2A
isoB
 by using yeast two-hybrid screening.  
In this study we show that both lebercilin and the intracellular region of USH2A
isoB
, 
directly interact with a novel isoform of the second member of the ninein-family, the 
centrosomal ninein-like protein (Nlp
isoB
), encoded by the Nlp (KIAA0980) gene. Nlp
isoB
 is a 
novel component of the Usher interactome, connecting USH and LCA at the molecular level, 
and the Nlp gene can therefore be considered as a novel candidate for USH, LCA, and related 
disorders.  
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Material and methods 
 
Animals and tissues 
In this study mature Wistar rats and C57BL/6J mice housed in standard cages and receiving 
water and food ad libitum, were used. Animal experiments were conducted in accordance 
with international and institutional guidelines. Bovine retinas were dissected from eye balls 
obtained from the local slaughterhouse 
41
. 
 
Plasmids and antibodies 
Affinity purified polyclonal antibodies directed against Nlp were described before 
14
. 
Monoclonal antibodies recognizing centrins 1-4 (20H5), polyclonal antibodies directed 
against the cytoplasmic region of USH2A, and affinity purified polyclonal antibodies directed 
against lebercilin were previously described 
16,54,67
. The immunohistochemical stainings of 
Nlp and USH2A were specific. No staining was observed after pre-adsorption of the primary 
antibodies with the corresponding peptide epitope. In addition, primary Nlp antibodies did not 
recognize GFP-tagged ninein after Western blot analysis (Supplementary data S1). Anti-flag, 
anti-HA, anti-acetylated tubulin and anti-gamma tubulin antibodies were purchased from 
Sigma (Germany). Anti-HA beads were purchased from Roche (Germany). Secondary 
antibodies for immunohistochemistry and western blot analysis were purchased from 
Molecular Probes-Invitrogen (USA), Rockland (USA), and Jackson ImmunoResearch 
Laboratories (USA). cDNA encoding (parts of) the cytoplasmic region of human USH2A 
(Genbank NP_996816) (aa 5064-5202, 5064-5168, 5064-5196, 5124-5196, 5124-5202 and 
5169-5202) were cloned in the pDONR201 vector using the Gateway cloning system 
(Invitrogen, USA) according to manufacturers instructions. cDNA fragments of the human 
Nlp gene were amplified by using IMAGE clone IRATp970C1131D (RZPD, Germany) as a 
template. By using Gateway technology (Invitrogen, USA), cDNAs encoding human full 
length Nlp
isoB
 (aa 1-1033) (Genbank EU718622), Nlp
isoA
 (aa 1-1382) (Genbank NM_025176), 
the predicted EF hand domains (aa 11-39, 200-228 and 237-265), the predicted intermediate 
filament domain (aa 656-925) of Nlp
isoB
 and deletion constructs for Nlp
isoB
 encoding aa 599-
1033, aa 656-1033 and aa 656-825, were cloned in the pDONR201 vector. Lebercilin 
fragments (Genbank NP_859065) encoding aa 1-95, 96-305, 306-490 and 491-697 were 
amplified by PCR, using pDONR201-lebercilin
fl
 as a template, and cloned in pDONR201 
16
. 
 
Yeast two-hybrid analysis 
A GAL4-based yeast two-hybrid system (HybriZAP, Stratagene, USA) was used to identify 
proteins that interact with the cytoplasmic region of USH2A
isoB
 (aa 5064-5202) and proteins 
that interact with lebercilin (aa 1-697), using methods previously described 
56
 with minor 
variations. Yeast strain PJ69-4 30 was used as a host, which carried the HIS3 (histidine), 
ADE2 (adenine), MEL1 (-galactosidase) and LacZ (-galactosidase) reporter genes. The 
DNA-binding domain fused to the human USH2A cytoplasmic region (pBD-USH2A_tail) 
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and fused to full length lebercilin (pBD-lebercilin
fl
) were used as a bait for screening a human 
oligo-d(T) primed retina cDNA library containing 1.9 x 10
6
 primary clones fused to the 
activation domain (pAD). In total, 1.1 x 10
7
 clones (USH2A) and 5.0 x 10
7
 clones (lebercilin) 
were plated on amino acid dropout plates lacking Trp, Leu and His (SD -WLH plates), 
containing 1 mM 3-aminotriazol (3-AT), and selected for growth. Clones were then patched 
on medium additionally lacking adenine (SD -WLHA plates), and selected for growth and -
galactosidase activity by the activation of the MEL1 reporter gene. The latter was done using 
20 μg/ml of the chromogenic substrate 5-Bromo-4-Chloro-3-indolyl α-D-galactopyranoside 
(X-α-Gal) in the dropout plates, and selecting the yeast cells that developed a blue-green 
colour due to hydrolysis of X-α-Gal by the secreted -galactosidase enzyme. Further selection 
of positive clones was based on -galactosidase activity by the activation of the LacZ reporter 
gene, that was detected by a filter lift assay, as previously described 
56
. 
 
Liquid ß-galactosidase assay 
Three independent clones of PJ69-4 yeast cells co-transformed with pAD-NlpisoA full length 
or Nlp
isoB
 full length and pBD-USH2A_tail or pBD-lebercilin full length were cultured in 
selective medium lacking Trp and Leu (SD-WL). After two overnight incubation steps at 
30˚C, the optical density of the cultures was determined at a wavelength of 600 nm. Cell lysis 
and subsequent colorimetric reactions were performed by using the Yeast ß-galactosidase 
assay kit (Pierce, USA) according to manufacturer’s instructions. Absorbance was measured 
at a wavelength of 420 nm. 
 
Expression analysis 
The expression of Nlp
isoA
 and Nlp
isoB
 was examined by performing semi-quantitative RT-PCR 
analysis on RNA from human fetal and adult tissues as described before 
40
. Primers used for 
the detection of the transcripts encoding Nlp
isoA
 are 5’- GAGGGGGAGACCAAAATAGC -3’ 
and 5’- TCTGAATGGTCACACGATGC -3’. For detection of NlpisoB the following primers 
were used: 5’- ACCTGCAGCAGATCAGACTG -3’ and 5’- TGATTTGGTCACTCTGCTG -
3’. Samples were taken after 25, 30 and 35 cycles. 
 
Calcium binding assay 
GST-fusion proteins of the predicted Nlp EF hands 1 (aa 11-39), 2  (aa 200-228) and 3 (aa 
237-265) were produced by transforming BL21-DE3 cells with pDEST15-Nlp EF hand 1, 2 
and 3. Precleared lysates were separated on precasted 4-12% NuPage gradient gels 
(Invitrogen, USA) and subsequently blotted onto nitrocellulose membranes. The membranes 
were incubated for 10 minutes at room temperature with 10-20 μCi/l 45CaCl2 (New England 
Nuclear, USA) in 10 mM imidazole, pH 6.8, and 60 mM KCl. The blots were washed twice 
for 5 minutes with 50% ethanol, dried and subsequently exposed to a radiation sensitive film 
(Kodak, Germany) 
44
. 
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GST pull-down assay  
In order to produce GST (glutathion S-transferase) fusion proteins, BL21-DE3 cells were 
transformed with pDEST15-USH2A_tail (aa 5064-5202), pDEST15-NBC3_tail (aa 1119-
1214) and pDEST15-Nlp
isoB
 (aa 1-1033). Cells were induced at 30ºC for 4 hours with 0.5 mM 
IPTG and subsequently lysed with STE buffer (1% Sarkosyl, 1% Triton-X-100) supplemented 
with protease inhibitor cocktail (Roche, Germany). Lysates were precleared and incubated at 
4ºC for 16 hours with glutathione Sepharose 4B beads (Amersham Biosciences, USA). Beads 
with bound fusion proteins were washed twice with lysis buffer and three times with TBSTD 
(TBS with 1% Triton-X-100 and 2 mM DTT). During each washing step, samples were 
incubated on a rotating wheel at 4ºC for 5 minutes. The amount of bound GST-fusion protein 
was verified on a 10% SDS-PAGE gel stained with Gelcode Blue Stain Reagent (Pierce, 
USA). HA-tagged Nlp
isoB
, 3xflag-tagged lebercilin, 3xflag-tagged USH2A_tail and 3xflag-
tagged NBC3_tail were produced by transfecting COS-1 cells with, respectively, pcDNA3-
HA-Nlp
isoB
, p3xflag-lebercilin, p3xflag-USH2A_tail and p3xflag-NBC3_tail using 
Nucleofector kit V (Amaxa, USA), program A-24 according to manufacturer’s instructions. 
The precleared supernatants were incubated overnight at 4C in the presence or absence of 2 
mM CaCl2 with equal amounts of blocked beads with GST, or beads with GST-fusion 
proteins. After three washes with lysis buffer, the beads were boiled in 1xSDS loading buffer. 
Protein complexes were resolved on 4-12% NuPage gradient gels (Invitrogen, USA). For 
Western blot analysis, proteins were electrophoretically transferred onto nitrocellulose 
membranes, blocked with 5% non-fat dry milk (Biorad, Germany) in PBST (0.1% Tween) 
and analyzed with the appropriate primary and secondary antibodies in 0.5% milk in PBST. 
Bands were visualized using the Odyssey Infrared Imaging System (LI-COR, USA). Tagged 
molecules were detected by anti-HA or anti-flag mono- or polyclonal antibodies. As 
secondary antibodies IRDye800 goat-anti-mouse IgG (Rockland, USA) and Alexa Fluor 680 
goat-anti-rabbit IgG were used (Molecular Probes, USA). 
 
Co-immunoprecipitation from COS-1 cells  
HA-tagged Nlp
isoB
 and HA-tagged lebercilin were expressed by using the mammalian 
expression vector pcDNA3-HA/DEST. Flag-tagged intracellular region of USH2A, flag-
tagged Nlp
isoB
 and flag-tagged LRRK2 were expressed by using p3xflag-CMV/DEST from 
the Gateway cloning system (Invitrogen, USA). Both plasmids contain a CMV promoter. 
COS-1 cells were (co-)transfected by using Effectene (Qiagen, Germany) according to 
manufacturer’s instructions. Thirty hours after transfection, cells were washed with PBS and 
subsequently lysed on ice in lysis buffer (50 mM TRIS-HCl pH 7.5, 150 mM NaCl, 0.5% 
Triton X-100) supplemented with complete protease inhibitor cocktail (Roche, Germany). 
HA-tagged Nlp
isoB
 and lebercilin were immunoprecipitated from cleared lysates overnight at 
4C by using rat monoclonal anti-HA beads (Roche, Germany) whereas flag-tagged 
USH2A_tail, Nlp
isoB
 and LRRK2 were immunoprecipitated by using polyclonal anti-flag 
antibodies (Sigma, Germany) and Protein A/G PLUS-sepharose (Santa Cruz Biotechnology, 
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USA). After 4 washes in lysis buffer, the protein complexes were resolved on 4-12% NuPage 
gradient gels (Invitrogen, USA) and subsequently analyzed on immunoblots as described for 
the GST pull-down assay. Bands were visualized by using the Odyssey Infrared Imaging 
System (LI-COR, USA). Tagged molecules were detected by anti-HA or anti-flag mono- or 
polyclonal antibodies. As secondary antibodies IRDye800 goat-anti-mouse IgG (Rockland, 
USA) and Alexa Fluor 680 goat-anti-rabbit IgG were used (Molecular Probes, USA). 
 
Co-immunoprecipitations from bovine retinal extracts 
For immunoprecipitations, bovine retinas from a local slaughterhouse were used. Retinas 
were lysed by sonification (2 times 30 seconds) in lysisbuffer (50 mM Tris-HCl pH 7.4, 150 
mM NaCl, 0.5% Nonidet-P40, 1 mM Natrium-orthovanadate) supplemented with complete 
protease inhibitor cocktail (Roche, Germany). Lysates were precleared and incubated for 16 
hours at 4°C with mouse monoclonal anti-rabbit IgGs, rabbit polyclonal Nlp antibodies or 
polyclonal rabbit lebercilin antibodies. Protein-antibody complexes were coupled to Protein 
A/G PLUS-sepharose beads (Santa Cruz, USA) for 2 hours at 4°C After incubations, the 
beads were pelleted and washed three times with lysis buffer. Beads were boiled and proteins 
were resolved on 4-12% NuPage gradient gels (Invitrogen, USA) and subsequently analyzed 
on immunoblots as described for GST pull-down. Bands were visualized using the Odyssey 
Infrared Imaging System (LI-COR, USA). 
 
Co-localization analyses in ARPE-19 cells 
To determine the cellular localization of the cytoplasmic region of human USH2A, full length 
lebercilin and full length Nlp
isoB
 in ARPE-19 cells, cDNAs encoding the region of USH2A in 
pDEST501 were cloned by using the Gateway cloning technology (Invitrogen, USA), 
resulting in N-terminally fused eCFP-USH2A. Nlp was cloned in pDEST733, resulting in N-
terminally fused mRFP-Nlp
isoB
. Lebercilin was cloned in pDEST504, resulting in C-
terminally fused lebercilin-eYFP. ARPE-19 cells were cotransfected with pDEST733- Nlp
isoB
 
and pDEST501-USH2A_tail or pDEST504-lebercilin by using Effectene (Qiagen, Germany) 
according to manufacturer’s instructions. Twenty hours after transfection, cells were washed 
with PBS, fixed with 4% paraformaldehyde and mounted with Vectashield containing DAPI 
(Vector Laboratories, Inc., UK). Images were taken with an Axioplan2 Imaging fluorescence 
microscope (Zeiss, Germany) equipped with a DC350FX camera (Zeiss, Germany) and 
processed using Adobe Photoshop (Adobe Systems, USA). 
 
Double immunofluorescence labelling of rat retinas 
Unfixed eyes of 20 day old (P20) Wistar rats were isolated and frozen in melting isopentane. 
Cryosections were made at a thickness of 7 μm and treated with 0.01% Tween-20 in PBS 
followed by a blocking step with blocking solution (0.1% ovalbumin, 0.5% fish gelatin in 
PBS). Antibodies diluted in blocking solution were incubated overnight at 4C. Secondary 
antibodies were also diluted in blocking solution and incubated in the dark for 1 hour. 
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Sections were embedded with Prolong Gold Anti-fade (Molecular Probes, USA). Pictures 
were made with an Axioskop2 Mot plus fluorescence microscope (Zeiss, Germany) equipped 
with an AxioCam MRC5 camera (Zeiss, Germany). Images were processed using Axiovision 
4.3 (Zeiss, Germany) and Adobe Photoshop (Adobe Systems, USA). 
 
Pre-embedding immunoelectron microscopy 
Immunoelectron microscopy was performed on isolated mouse eyes as previously described 
41
. In short, vibratome sections through mouse retina were stained by primary antibodies 
against Nlp and visualized by appropriate secondary antibodies (Vectastain ABC-Kit, Vector, 
UK). After fixation with 0.5% OsO4 specimens were embedded in araldite and ultrathin 
sections were analyzed with a FEI Tecnai 12 Biotwin transmission electron microscope (FEI, 
The Netherlands). 
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Results 
 
A novel isoform, isoform B, of the centrosome associated Ninein-like protein 
interacts with USH2A and lebercilin 
Yeast two-hybrid screens of an oligo d(T) primed human retina cDNA library were 
performed to identify proteins interacting with lebercilin or with the intracellular region of 
USH2A
isoB
. Analysis of positive clones that activated all reporter genes, revealed a common 
interactor for both bait proteins. In total, eleven overlapping clones of a novel splice-variant 
of the centrosomal ninein-like protein (Nlp), hereby named Nlp isoform B (Nlp
isoB
), were 
identified.  
 
 
Figure 1. Schematic representation of the protein structure of Nlp
isoA
 and Nlp
isoB
. (A) The predicted EF hands 
(EF) 1, 2 and 3 are formed by amino acids 11-39, 200-228 and 237-265, respectively. Coiled-coil domains (CC) 
1, 2, 3 and 4 are formed by amino acids 384-425, 470-579, 621-699 and 1046-1375, respectively, and the 
predicted intermediate filament domain (IF) is formed by amino acids 656-925. (B) Semi-quantitative RT-PCR 
for transcripts encoding Nlp
isoA
 and Nlp
isoB
 in human fetal and adult tissues. Shown are the samples that were 
taken after 35 cycles. The results are representative for the samples taken after 25 and 30 cycles. As a control, 
RT-PCR analysis of the household gene GAPDH was performed. The transcripts for Nlp
isoA
 and Nlp
isoB
 show a 
similar distribution with the strongest expression in fetal cochlea and adult brain, testis and kidney. 
 
By using the intracellular region of USH2A
isoB
 as a bait, two clones for Nlp
isoB
 were 
identified. These encode amino acids 598-1033 and 658-1033, respectively. For lebercilin, 
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four Nlp clones encoding amino acids 598-1033 and five clones encoding amino.acids 658-
1033 were identified. The transcript encoding Nlp
isoB
 lacks exon 17 from the originally 
described Nlp gene, resulting in in-frame skipping of 349 amino acids after residue 734. The 
specificity of the interaction in the yeast two-hybrid assay was determined by co-transforming 
pAD-Nlp
isoB
 (aa 658-1033) with the pBD-Gal4 vector expressing the non-related p63 protein. 
No interaction was observed performing this control experiment (data not shown). 
 Bioinformatic analysis of the Nlp
isoB
 protein (SMART database; http://smart.embl-
heidelberg.de/) identified three regions that are predicted to form EF hand domains, 
potentially Ca
2+
-binding, which are known to be involved in the interaction with γ-tubulin 14. 
In addition, the C-terminal region was predicted to form an intermediate filament (IF) domain 
(aa 656-925), likely to be involved in protein-protein interactions (Pfam Home Page; 
http://pfam.sanger.ac.uk/) (Fig 1A). The intermediate filament domain, however, was 
predicted with low significance (E-value: 5.2 x 10
-1
). We analyzed the spatial and temporal 
expression pattern of transcripts encoding Nlp
isoA 
and Nlp
isoB
 by semi-quantative RT-PCR, 
using several human fetal and adult tissues. No major differences in expression were observed 
for isoforms A and B, indicating that both isoforms function in the same tissues (Fig. 1B). 
However, differences at the cellular level cannot be excluded. 
Deletion constructs were made of the intracellular region of USH2A
isoB
 and Nlp
isoB
 
and tested in yeast two-hybrid analysis to determine the regions that are involved in the 
interaction. By using these deletion constructs we were able to show that in USH2A, the 
interacting region is located in the fragment containing amino acids 5124-5196 and in Nlp
isoB
 
in the fragment containing the predicted intermediate filament domain (aa 656-925) (Fig. 2A). 
In order to further pinpoint the domains involved in the interaction between Nlp
isoB
 and 
lebercilin, parts of the lebercilin protein comprising the amino acids 1-95, 96-305, 306-490 
and 491-697 were tested in a yeast two-hybrid assay with different parts of Nlp
isoB
. This 
revealed that the predicted intermediate filament domain of Nlp
isoB
 specifically interacts with 
the fragment encompassing the first two coiled-coil domains of lebercilin (aa 96-305) (Fig. 
2B). To test whether the interactions of USH2A
isoB
 and lebercilin with Nlp are isoform-
specific, a liquid β-galactosidase assay was performed using both NlpisoA and NlpisoB together 
with lebercilin and the intracellular region of USH2A
isoB
. A specific interaction was observed 
between both proteins and Nlp
isoB
, whereas no interaction with Nlp
isoA
 could be detected (Fig. 
2C and D). 
Co-immunoprecipitations were performed to confirm the interaction between USH2A 
and Nlp
isoB
. For this purpose, COS-1 cells were co-transfected with constructs encoding HA-
tagged Nlp
isoB
 and the flag-tagged intracellular region of USH2A (USH2A_tail). From the 
COS-1 cell lysates we were able to co-immunoprecipitate HA-tagged Nlp
isoB
 and flag-tagged 
USH2A with antibodies against the flag-tag. As a negative control, unrelated flag-tagged 
STRAD was co-expressed with HA-tagged Nlp
isoB
. As expected, HA-tagged Nlp
isoB
 and flag-
tagged STRAD did not co-immunoprecipitate (Fig. 3A).  
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Figure 2. Protein-protein interaction studies. (A) The schematic protein structure of Nlp
isoB
 and protein 
fragments encoded by deletion constructs with the corresponding amino acids are depicted. Yeast two-hybrid 
analysis showed a specific interaction between the fragment of the intracellular region of USH2A
isoB
 
encompassing aa 5124-5196 and the predicted intermediate filament domain (aa 656-925) of Nlp
isoB
. (B) 
Schematic representation of the protein structure of lebercilin and protein fragments encoded by deletion 
constructs with the corresponding amino acids. Yeast two-hybrid analysis revealed a specific interaction between 
the lebercilin domain containing the two N-terminal coiled-coil domains (aa 96-305) and the predicted 
intermediate filament domain of Nlp
isoB
 (aa 656-925). A liquid beta-galactosidase assay revealed a specific 
interaction between Nlp
isoB
 and the USH2A_tail (C) and Nlp
isoB
 and lebercilin (D). No interaction was observed 
between USH2A and Nlp
isoA
 (C), and lebercilin and Nlp
isoA
 (D). aa: amino acids; NA: not assayed. 
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Figure 3. Co-immunoprecipitation of Nlp
isoB
 with the intracellular region of USH2A
isoB
 (USH2A_tail), but not 
with STRAD. (A) The immunoblot (IB) in the left upper panel shows that HA-Nlp
isoB
 (lane 1) co-
immunoprecipitated with flag-USH2A_tail, but not with the unrelated protein flag-STRAD (lane 2). Protein 
input is shown in the left lower panel; the anti-flag immunoprecipitates are shown in the right panel. (B) GST 
pull-down assays showing that flag-tagged lebercilin was efficiently pulled down by GST-fused Nlp
isoB
, but not 
by GST alone. The left lane shows 2% input of the protein lysate. (C) Co-immunoprecipitation of lebercilin with 
Nlp
isoB
, but not with LRRK2. The immunoblot (IB) in the right panel shows that flag-Nlp
isoB
 (right lane) co-
immunoprecipitated with HA-lebercilin, whereas the unrelated protein flag-LRRK2 (left lane) did not. Protein 
input is shown in the left panel; the anti-HA immunoprecipitates are shown in the middle panel. (D) Co-
immunoprecipitation of endogenous Nlp with lebercilin from bovine retinal extracts, but not with rabbit IgGs. 
The top panel shows that Nlp was co-immunoprecipitated with lebercilin, indicated by an arrow, whereas it was 
not with rabbit IgGs. The bottom panel shows that lebercilin was immunoprecipitated with lebercilin-specific 
antibodies, as indicated by an arrow, but not with rabbit IgGs. 
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The interaction between lebercilin and Nlp
isoB
 could be confirmed in a GST pull-down 
experiment and in co-immunoprecipitation assays. We were able to pull-down flag-tagged 
lebercilin from a COS-1 cell lysate with GST-fused Nlp
isoB
 but not with GST alone (Fig. 3B). 
In addition, we were able to co-immunoprecipitate flag-tagged Nlp
isoB
 and HA-tagged 
lebercilin with antibodies against the HA-tag. As a negative control, unrelated flag-tagged 
LRRK2 was co-expressed with HA-tagged lebercilin. No LRRK2 was co-immunoprecipitated 
with lebercilin (Fig. 3C). Also, co-immunoprecipation assays of endogenous proteins were 
performed from bovine retinal extracts by using antibodies against lebercilin and Nlp. We 
were able to co-immunoprecipitate Nlp with an antibody against lebercilin. As a negative 
control, rabbit IgGs were used (Fig. 3D). 
 
The interaction between USH2A and Nlp is calcium-independent  
Because of the predicted presence of three EF-hand domains in the N-terminal half of 
Nlp, we hypothesized that the interaction between USH2A
isoB
 and Nlp
isoB
 might be dependent 
on the binding of Ca
2+ 
ions to these EF-hands, as was shown for the interaction between the 
EF-hand domain containing proteins centrin and transducin 
65
. Therefore, we first determined 
the Ca
2+
-binding capacity of Nlp. At residue twelve of EF-hand domains, an invariant Glu or 
Asp provides two oxygens for liganding Ca
2+
 (bidentate ligand) 
24
. Based on this, only EF-
hand 3 would be able to efficiently bind Ca
2+
 (Fig. 4A). To test this hypothesis, GST fusion 
proteins were made of the three predicted EF hands of Nlp. As a positive control, the GST-
fused calmodulin 28K subunit was used.  We indeed were able to show binding of Ca
2+
 to Nlp 
EF hand 3 and not to EF hands 1 and 2 (Fig. 4B). Subsequently, we performed GST pull- 
down assays in the presence or absence of 2 mM CaCl2 in which HA-tagged full length Nlp 
isoform B was pulled down from a COS-1 cell lysate with GST-USH2A_tail but not with 
GST alone. Also, no HA-tagged Nlp
isoB
 was pulled-down with GST-fused NBC3_tail. NBC3 
was used as an additional negative control, and is a previously described member of  the 
Usher interactome 
54
. Similar results were obtained for pull-down experiments performed in 
the presence or absence of calcium and therefore there are no indications for calcium-
dependence of the interaction (Fig. 4C).  
 
Nlp co-localizes with USH2AisoB and lebercilin at the photoreceptor cell basal 
body and centriole  
We performed immunohistochemistry for Nlp and USH2A
isoB
 to determine whether 
both proteins co-localize in the retina. Monoclonal anti-pan-centrin antibodies (20H5) were 
used as a marker for the basal body and connecting cilium. With affinity purified antibodies 
against Nlp, the presence of Nlp was detected in the inner segment and at the basal body, 
shown as a partial co-localization with centrins (Fig. 5B). On retinal cryosections Nlp and 
USH2A
isoB
 co-localized in the inner segments and at the region of the connecting cilium (Fig. 
5A). In addition, USH2A
isoB
 localized to the outer plexiform layer as was already described 
54,67
.  
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Figure 4. Analysis of Ca
2+
-binding properties of Nlp. (A) Multiple protein alignment of the predicted EF hand 
domains in Nlp and the consensus sequence for EF hand domains (SMART database). The invariable D or E at 
position 12 is boxed and indicated by an arrow and is only present in EF hand 3. (B) A calcium-binding assay 
showing the specific calcium-binding capacities of  Nlp EF hand 3. The 28K subunit of calmodulin was used as 
a positive control. (C) GST pull-down analysis showing that HA-tagged Nlp
isoB
 was efficiently pulled down by 
GST-fused USH2A_tail in the presence and absence of calcium, but not by GST-NBC3_tail and GST alone. 
Lanes 1 and 5 show 5% of the input protein lysate.  
 
To determine the exact subcellular localization of Nlp in the retina, immunoelectron 
microscopy was performed. We detected Nlp in the basal body and the centriole of the 
photoreceptor connecting cilium as well as in periciliary region of the apical inner segments 
of mouse photoreceptor cells (Fig. 5C). Immunoelectron microscopy for USH2A
isoB
 on the 
retina showed the presence of USH2A
isoB
 in the periciliary region, the connecting cilium, 
basal body and the centriole of photoreceptor cells (Fig. 5D) 
41
. Immunohistochemistry on 
mouse retinal cryosections revealed lebercilin as a component of the photoreceptor connecting 
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cilium and basal body 
16
. Thus, our results indicate that Nlp co-localizes with USH2A
isoB
 and 
also with lebercilin at the photoreceptor cell basal body. 
 
 
 
Figure 5. Co-localization of Nlp and USH2A in the retina. (A-A’’) Co-immunostaining of USH2A and Nlp in 
radial cryosections of adult (P20) rat retina by using anti-Nlp antibodies (green signal; A) and anti-USH2A 
antibodies (red signal; A’) showing co-localization (yellow signal; A’’) in the inner segment (IS) and in the 
region of the connecting cilium (CC). (B) High magnification fluorescence microscopy analysis of double 
immunofluorescence with anti-Nlp (green) and anti-pan-centrin antibodies (red; marker for the ciliary apparatus: 
connecting cilium, centriole and basal body) in cryosections through the ciliary part of rat photoreceptor cells. 
Merged images indicate partial co-localization of Nlp with centrins in the centriole and basal body (yellow 
signal). Pre-embedding immunolabelings of the ciliary region of mouse photoreceptors by antibodies against Nlp 
(C) and USH2A
isoB
 (D) show a clear staining of the (apical part of) inner segment (IS), the centriole (indicated 
by an asterisk) and the basal body (BB). 
 
Nlp, lebercilin and USH2A co-localize at the centrosome of ARPE-19 cells 
Cashenghi and coworkers have shown that Nlp localizes at the mother centriole of the 
centrosome in cells during interphase 
14
. In order to visualize the interaction between the 
intracellular domain of USH2A and Nlp
isoB
, we fused these proteins at their N-terminus to 
enhanced cyan fluorescent protein (eCFP) and monomeric red fluorescent protein (mRFP), 
respectively. In single transfected human retinal pigment epithelium cells (ARPE-19) 
expressing Nlp
isoB
, this protein shows a centrosomal localization specifically at one centriole, 
most probably the mother centriole (Fig. 6A). In mitotic cells a punctate localization in the 
cell periphery was observed for Nlp
isoB
 (data not shown). In single transfected cells a nuclear 
localization (data not shown) 
54,67
, or a centrosomal localization was observed for eCFP-
USH2A (Fig. 6B). In cells co-expressing Nlp
isoB
 and USH2A, co-localization was observed at 
both the mother and the daughter centriole of the cell (Fig. 6D-D’’). In addition, 
overexpression assays in ARPE-19 cells were performed by co-expressing N-terminally fused 
mRFP-Nlp
isoB
 and C-terminally fused lebercilin-eYFP. In single transfected cells, lebercilin-
Chapter 6 
 
 160 
eYFP was localized to the centrosome and microtubule network of the cell, as previously 
described 
16
 (Fig. 6C). In cells co-expressing Nlp
isoB
 and lebercilin-eYFP, co-localization at 
the centrosome and non-centrosomal microtubule organization centres (MTOC’s) was 
observed (Fig. 6E-E’’).  
 
 
Figure 6. Centrosomal localization of Nlp
isoB
, USH2A_tail and lebercilin in ARPE-19 cells. When expressed 
alone, mRFP–NlpisoB (red signal) was localized to the mother centriole of the centrosome (A), eCFP-
USH2A_tail (green signal) was localized to the nucleus and the centrosome (indicated by an arrow and in the 
inlay) (B), whereas eYFP-lebercilin (green signal) was localized at the centrosome and microtubule network of 
the cell (C). After co-expression of Nlp
isoB
 and USH2A both proteins were localized at the mother and daughter 
centriole of the centrosome, confirming the interaction between both proteins (D-D’’). Co-expression of NlpisoB 
and lebercilin showed co-localization of both proteins at the centrosome and non-centrosomal MTOC’s (yellow 
signal; E’’). Lebercilin in addition partly localized at the microtubule network (E-E’’). Nuclei were stained with 
DAPI (blue signal). 
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To determine the subcellular localization of endogenous Nlp and lebercilin, ARPE-19 
cells were induced to form primary cilia by serum starvation and subsequently used for 
immunohistochemical stainings with antibodies directed against Nlp and lebercilin. Both 
proteins could be detected at the base of the cilium, most probably the basal body (Fig. 7A,B).  
 
 
 
Figure 7. Localization of endogenously expressed Nlp and lebercilin in ARPE-19 cells by 
immunocytochemistry using the anti-Nlp and anti-lebercilin antibodies (green signals) and anti-acetylated 
tubulin antibodies as an axoneme and microtubule marker (red signal). Nlp (A) and lebercilin (B) were present at 
the basal body of primary cilia and both proteins were found at the midbody region of ARPE-19 cells during 
telophase (C and D). Nuclei were stained with DAPI (blue signal). 
 
Interestingly, we detected both lebercilin and Nlp at the midbody during cytokinesis (Fig. 
7C,D). After telophase, the mother centrioles which are present at the midbody develop into 
the basal bodies of the newly formed cells 
15
. No endogenous USH2A was detected in ARPE-
19 cells. 
 
Lebercilin mutations affect the interaction with NlpisoB 
Recently, we have identified truncating lebercilin mutations in LCA patients 
16
. We addressed 
the biologic relevance of the interaction between lebercilin and Nlp
isoB
 by testing the effect of 
two of these mutations, p.Q279X and p.P493TfsX1, on the association with Nlp
isoB
. In a 
quantitative yeast two-hybrid interaction assay the p.Q279X mutation significantly enhanced 
the interaction. The interaction of Nlp
isoB
 and the p.P493TfsX1 mutant was found to be 
completely abolished (Fig. 8A). The subcellular localization of the lebercilin mutants was 
studied  upon  expression  in  ciliated  ARPE-19 cells. When  expressed  alone,  mRFP-tagged  
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Figure 8. Mutations in lebercilin affect the interaction with Nlp
isoB
. A quantitative liquid beta-galactosidase 
assay shows an enhanced interaction of Nlp
isoB
 and lebercilin
Q279X
 as compared to wild-type lebercilin, and a 
reduced interaction of Nlp
isoB
 and lebercilin
P493TfsX1
 (A). When expressed alone in ARPE-19 cells, mRFP–
lebercilin wild-type (red signal) was localized to the basal body, the primary cilium and microtubule network of 
the cell (B), mRFP-lebercilin
P493TfsX1
 was localized to the microtubule network of the cell (C) and mRFP-
lebercilin
Q279X
 was localized to the basal body and primary cilium (D). Co-expression of Nlp
isoB
 and lebercilin 
showed co-localization of both proteins at the basal body (yellow signal; E’’, inset). In addition, lebercilin 
localized to the primary cilium and the microtubule network in the cell periphery (red signal; E’-E’’, inset). 
After co-expression of Nlp
isoB
 and lebercilin
P493TfsX1
 no co-localization of these proteins was observed (F-F’’, 
inset). Upon co-expression of Nlp
isoB
 and lebercilin
Q279X
, both proteins co-localize at the basal body (yellow 
signal; G’’, inset). The mutant lebercilin was not found in the primary cilium (G’-G’’, inset). Nuclei were 
stained with DAPI (blue signal). 
 
lebercilin localizes to the basal body, the primary cilium and the microtubule network of the 
cell (Fig. 8B) 
16
. The mRFP-lebercilin
Q279X
 mutant does not associate with the microtubule 
network any longer but is present in the primary cilium and its basal body (Fig. 8D). In 
contrary, mRFP-lebercilin
P493TfsX1
 only localizes to the microtubule network in the cell 
periphery but no longer to the cilium and basal body (Fig. 8C). Co-expression of Nlp
isoB
 and 
lebercilin showed a clear co-localization, specifically at the basal body (Fig. 8E-E’’). In the 
primary cilium and the microtubule network, only lebercilin was present. As indicated by the 
yeast two-hybrid assay, the interaction between Nlp
isoB
 and lebercilin
Q279X
 is enhanced. When 
co-expressed with Nlp
isoB
, lebercilin
Q279X
 is recruited to the basal body, but is no longer 
observed in the primary cilium (Fig. 8G-G’’). Upon co-expression of NlpisoB and 
lebercilin
P493TfsX1
 no co-localization was observed, confirming the loss of interaction between 
the two proteins (Fig. 8F-F’’). These data indicate that truncating mutations in lebercilin 
severely affect the association with Nlp at the basal body. However, downregulation of both 
endogenous Nlp and LCA5 by RNAi in ciliated ARPE-19 cells does not result in altered 
protein localization of Nlp or lebercilin  (Supplementary Fig. S2), suggesting that additional 
binding partners are involved in their localization at the basal body. 
 
Chapter 6 
 
 164 
Discussion 
 
In this study, we demonstrate that a novel isoform of the centrosome-associated 
ninein-like protein, Nlp
isoB
, specifically interacts with lebercilin and the cytoplasmic region of 
USH2A, thereby linking Usher syndrome and Leber congenital amaurosis at the molecular 
level. Previous analysis of Xenopus laevis Nlp already suggested the presence of two Nlp 
isoforms, which correspond with human Nlp
isoA
 and Nlp
isoB
 
52
. Nlp is the second member of 
the ninein protein family and has a 37 % sequence identity with ninein 
14
. Nlp is 
predominantly present in the mother centriole of the centrosome and in the basal body of 
primary cilia in cultured cells, and is involved in microtubule nucleation, anchoring and 
outgrowth 
13,14,52
. However, it remains to be elucidated which isoform of Nlp is present and 
functions at these subcellular structures. The interaction between USH2A
isoB
, lebercilin and 
Nlp
isoB
 and their co-localization in the basal bodies, the centrioles and the periciliary 
compartments of photoreceptor cells shows that at least Nlp
isoB
 molecules are present there.  
Basal bodies and associated centrioles are found at the base of cilia and serve as a 
nucleation site for the axonemal and cytoplasmic microtubules, respectively 
9,57
. The 
photoreceptor cell outer segment is regarded as a highly specialized cilium corresponding to 
the ciliary shaft of a prototypic cilium 
9,57
. The connecting cilium then correlates with the 
short junction between the basal body and axoneme of a prototypic cilium, the transition zone 
57
. The presence of Nlp at the basal bodies and centrioles of the ciliary apparatus of 
photoreceptor cells matches with the previously determined localization of Nlp in the basal 
body of ciliated cells 
52
. Based on the knowledge on Nlp function in mitotic cells 
13,14,52
, we 
propose that Nlp functions in the development and maintenance of the connecting cilium and 
outer segment and in the establishment of a microtubule network in (the apical part of) the 
inner segment in differentiated photoreceptor cells. 
In addition to the physical interaction of both USH2A
isoB
 and lebercilin with Nlp
isoB
, 
similarities in clinical manifestations between USH and LCA suggest a significant overlap in 
the pathogenic mechanisms underlying both disorders. Based on the subcellular localization 
and the current knowledge on USH2A
isoB
 and lebercilin, these pathogenic mechanisms are 
likely to include ciliary dysfunction. Post-mortem observation of connecting cilium defects in 
the retina and the identification of sperm abnormalities in some USH patients (reviewed in 
53
), 
as well as the involvement of other cilia-associated proteins in non-syndromic forms of retinal 
degeneration and USH, contribute to this hypothesis 
8,16-18,26,67
. Two proteins involved in 
(non-)syndromic retinitis pigmentosa, RPGR and RP1, and even the LCA-associated proteins 
RPGRIP1 and CEP290, have been shown to localize to the connecting cilia of photoreceptor 
cells, emphasizing the role of impaired cilia function in the pathogenesis of retinal 
degeneration 
17,25,27,36,37
.  
The connecting cilium of photoreceptor cells connects the inner and outer segments. 
Within the outer segments the actual phototransduction takes place. Since protein synthesis 
does not occur in the outer segments, the proteins essential for phototransduction and 
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assembly and maintenance of the axonemal and outer segment structure are transported 
through the connecting cilium between the inner segment and the outer segment, analogous to 
the intraflagellar transport (IFT) 
58,72
. In cilia and flagella, IFT complexes are assembled near 
the basal body and transported along the axoneme by the heterotrimeric kinesin II 
(KIF3A/3B/KAP3) and the homodimeric KIF17 in an anterogade direction and back to the 
basal body region by cytoplasmic dynein 2/1b 
21,33,50,51
. In photoreceptor cells, IFT20, IFT52, 
IFT57 and IFT88 molecules and both kinesin motors are thought to be present in an 
anterograde transport complex 
7,28,48
. Dysfunction of the components of the IFT transport 
complex lead to mislocalization of structural proteins and proteins involved in the 
phototransduction and subsequently lead to retinal degeneration 
43,48
. This is corroborated by 
the development of both polycystic kidney disease in addition to retinal degeneration in mice 
after the introduction of a hypermorphic mutation in IFT88 
48,49
. Also, photoreceptor-specific 
silencing of KIF3A leads to mislocalization of opsin and arrestin, proteins involved in 
phototransduction 
43
. Similar defects were observed in mice lacking BBS4, a gene involved in 
Bardet-Biedl syndrome 
1
. BBS4 is a member of the recently discovered BBSome, which is 
required for ciliogenesis and is hypothesized to function in IFT and vesicular transport to the 
cilium 
45
. The evaluation of the cellular function of USH proteins in photoreceptors suggests 
the participation of these proteins in the transport through the connecting cilium 
39,41,46,72
. 
Also, there is growing evidence that BBS molecules, IFT proteins and USH proteins 
participate in microtubule-based vesicular transport through the cytoplasm 
22,41,45,48
. The 
molecular links of Nlp
isoB
 with the USH2A
isoB
 and lebercilin proteins qualified these as 
common denominators in the associated retinal protein network, suggesting that common 
molecular processes are disrupted in the retinas of USH2A and LCA5 patients. We indeed 
were able to determine that protein truncating mutations in lebercilin affect the interaction 
with Nlp, but as downregulation of expression of any of these proteins by RNAi had no effect 
on the localization of the interacting partner, the physiological defect is more complex and 
remains to be identified. The USH2A-associated protein network, the lebercilin interactome 
16
 
and the Nlp interactors p150
glued
 and Plk1 
13,14,52
 provide multiple links with centrosomal and 
ciliary processes and pathways that are now potentially connected through Nlp. 
Recently, we and others showed the presence of the Usher protein network in a 
periciliary collar-like structure at the apical part of the photoreceptor inner segments, 
analogous to the periciliary ridge complex of Xenopus photoreceptor cells, and the Usher 
proteins were hypothesized to function in transport and docking of vesicles containing 
proteins for the outer segment 
38,41,47
. These cargo vesicles originate from the trans-Golgi 
network of the photoreceptor cells and are thought to be transported along microtubules by 
cytoplasmic dynein through the inner segment to the apical membrane 
41,64
. Nlp might 
function in this vesicular transport by the direct association with the dynactin p150
glued
 subunit 
of the dynein-dynactin motor complex 
13
, explaining the presence of Nlp in the inner 
segments of photoreceptor cells. The periciliary region and also the basal body and centriole 
are thought to serve as a docking site from where ciliary proteins (e.g. IFT proteins and 
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proteins involved in signalling) are further distributed 
55
. In such a model, Nlp would function 
as the molecular switch between intracellular and IFT transport. The effect of mutations in 
lebercilin on its interaction with Nlp
isoB
 and on its localization in the cilium
 
are in line with 
this model. 
Interestingly, Nlp is known to be phosphorylated by Polo-like kinase 1 (Plk1) 
13,14,52
, 
which is a key regulator in centrosome function. Plk1 also phosphorylates nucleophosmin 
73
, 
a centrosome-associated protein that acts in nucleocytoplasmic shuttling 
60
 and is a member of 
the previously identified lebercilin-interactome 
16
. In addition, nucleophosmin associates with 
RPGR-ORF15, a protein involved in X-linked retinal degeneration 
61
. The Nlp-interacting 
protein p150
glued
 
13
 was found in a protein complex  with RPGR-ORF15 and with lebercilin 
16,32
. The direct or indirect association of Nlp with several protein complexes in the region of 
the photoreceptor connecting cilium, stresses the importance of this protein in photoreceptor 
cell function. 
In conclusion, our data show that USH and LCA are molecularly linked by the direct 
association of USH2A
isoB
 and lebercilin with a novel isoform of Nlp,  Nlp
isoB
.  Co-localization 
of these proteins at the basal body of photoreceptor cells and the current knowledge on the 
function of the existing Usher protein network(s) point towards an interdependent function for 
Nlp
isoB
, USH2A
isoB
 and lebercilin, possibly in cytoplasmic trafficking and ciliary transport of 
proteins involved in photoreception. We propose that at the basal body, Nlp
isoB
 could function 
as a molecular hinge connecting cytoplasmic transport mechanisms to the IFT transport 
machinery, suggesting an important role for Nlp in photoreceptor cell function. The central 
position of Nlp in the protein network indicates that Nlp can be considered as an excellent 
candidate gene for Usher syndrome, LCA or other (retinal) ciliopathies. However, no 
pathogenic mutations have been identified so far. 
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Supplementary material  
 
 
 
 
Supplementary figure S1. Specificity of anti-Nlp and anti-USH2A antibodies. Immunohistochemical 
stainings of rat retina (P20) with (pre-adsorped) anti-Nlp antibodies (A) and anti-USH2A antibodies (B). Upon 
pre-adsorption, no signals were detected. (C) Western blot analysis with anti-Nlp antibodies. Anti-Nlp 
antibodies detect GFP-tagged Nlp
isoA
 but not GFP-tagged ninein, indicating the specificity of the antibodies. 
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Supplementary figure S2. Silencing of Nlp and LCA5 does not lead to a disruption of lebercilin and Nlp 
localization, respectively. RT-PCR analysis (30 cycles) on cells silenced with non-targeting, LCA5, or Nlp 
siRNAs with primers against LCA5 (left panel), Nlp (middle panel) or actin (right panel) (A), indicating the 
efficiency and specificity of the knockdown. Nlp localization at the basal body (B) is independent of the 
presence of lebercilin (C).  In addition, mRFP-lebercilin localization at the microtubule network, the basal body 
and the cilium (D) is independent of the presence of Nlp (E). 
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Supplementary material and methods 
 
Knockdown of Nlp in cultured ARPE-19 cells by RNAi 
Human ON-TARGET-PLUS siRNA SMART-POOL (Dharmacon, Inc.) was used to 
knockdown Nlp in ARPE-19 cells. As a negative control, the non-targetting siRNA SMART-
POOL (Dharmacon, Inc.) was used. Cells were transfected in duplo with siRNA pools (20 
nM) by using HiPerFect transfection reagent in complete DMEM medium containing 10% 
FCS, according to manufacturers instruction (Qiagen). Three days after the initial 
transfection, cells were transfected for the second time in low-serum containing DMEM 
medium (0.5% FCS) and cultured for an additional two days. To test the efficiency of the 
knockdown, RNA was isolated from one well by using RNA-Bee (Tel-Test, Inc.), followed 
by a semi-quantatative RT-PCR using Nlp and LCA5 specific primers. The second well of 
cells were fixed with methanol at -20 °C, and subsequently used for immunohistochemistry. 
Cells were mounted with Vectashield containing DAPI (Vector Laboratories, Inc., UK). 
Images were taken with an Axioplan2 Imaging fluorescence microscope (Zeiss) equipped 
with a DC350FX camera (Zeiss). 
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Abstract 
 
 Ninein-like protein (Nlp) is involved in anchoring, nucleation, and outgrowth of 
microtubules. We recently identified a novel isoform of Nlp, Nlp
isoB
, that links the retinal 
disorders Usher syndrome (USH) and Leber congenital amaurosis (LCA) at the molecular 
level by its direct association with USH2A
isoB
 and lebercilin. Co-localization of all partners at 
the transition zone of the photoreceptor cilium indicates a ciliary function of this complex. In 
order to assess the putative ciliary role of its central organizer, Nlp, we studied the effects of 
downregulation of the gene, both in cultured ciliated cells as well as in zebrafish. 
Downregulation of Nlp in ciliated cells induced defects in ciliogenesis, indicated by a 
shortening or absence of cilia. As cilia are crucial for transduction of extracellular signals and 
regulation of many biological processes, such as Wnt and Shh signalling, planar cell polarity 
and cell cycle control, defects in cilia formation or function could have profound effects on 
body patterning and the general physiology of organisms 
12
. Downregulation of Nlp in 
zebrafish by translation blocking morpholinos indeed resulted in defects in convergence and 
extension, as was reported for zebrafish morphants depleted with proteins involved in Bardet-
Biedl syndrome (BBS). Simultaneous downregulation of Nlp and Bbs1-12 strongly enhanced 
the phenotype, indicating that Nlp and the Bbs proteins function in the same pathway. A 
physical interaction was observed between Nlp
isoB
 and MKKS/BBS6. In vertebrate models for 
BBS it has been shown that a defective planar cell polarity pathway, which is one aspect of 
the non-canonical Wnt signalling pathway, is the cause of the observed phenotypes. Our 
finding of a genetic interaction between Nlp and the non-canonical Wnt11 in zebrafish, is in 
line with this. In conclusion, downregulation of Nlp in zebrafish reveals defects in 
gastrulation movements as a result of a perturbed planar cell polarity pathway. As Nlp has 
been shown to be essential for ciliogenesis, aberrant cilia formation and/or maintenance might 
be the underlying defect in Nlp morphants.  
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Introduction 
 
Usher syndrome (USH) is the most common cause of deaf-blindness in man. It is 
genetically heterogeneous, and the proteins encoded by these genes have been found to 
interact and function in a protein complex 
1,14,67,79,82
. Immunohistochemical studies revealed 
the presence of proteins of the network at distinct sites in photoreceptors and hair cells. In 
photoreceptor cells, one prominent location of USH proteins is the region of the connecting 
cilium, which comprises the basal body-connecting cilium-periciliary region 
44,66
 (and 
references therein). Based on this subcellular localization, it has been hypothesized that the 
USH protein complex plays an important role in cilia formation and maintenance. In several 
USH patients, cilia anomalies have been reported in the connecting cilium of photoreceptor 
cells 
9,16,35
, cilia of olfactory receptor neurons 
4
, and axonemes of sperm 
35
. Also, 
bronchiectasis and a reduced nasal mucociliary clearance was observed in USH1 patients, 
which could be due to ciliary dysfunction 
16
. Therefore, USH is regarded as a ciliopathy.  
 The proteins involved in Bardet-Biedl syndrome (BBS) are involved in intracellular 
and -flagellar transport and signalling. A subset of these proteins function together in a 
protein complex, the BBSome 
54
. BBS is a heterogeneous autosomal recessive disorder 
characterized by obesity, retinal degeneration, kidney anomalies, cardiomyopathy, diabetes, 
polydactyly and other ailments 
40,43,60,71
. So far, mutations in fourteen different genes (Bbs1-
12, cep290, and MKS1) are known to cause BBS 
3,6,20,21,26,40,46,47,51,52,56,57,71,73,74
. All known 
BBS proteins are cilia- and/or basal body associated. Therefore, it is assumed that dysfunction 
of the basal body and cilia is the primary defect in BBS patients. Studies on ciliary and basal 
body-associated proteins highlighted an important role of cilia in the transduction of signals 
via the Shh and Wnt signalling pathways 
23
.  In vivo knockdown of Bbs genes revealed planar 
cell polarity (PCP) defects, including perturbed gastrulation movements in zebrafish, and 
defects in neural tube closure and defective orientation of the hair bundle in murine cochlea 
22,48,49,68
. The PCP pathway is one aspect of the non-canonical Wnt signalling pathway. 
 The centrosomal ninein-like protein (Nlp) is a member of the ninein family and is 
involved in microtubule nucleation, -anchoring, and -outgrowth 
19,65
. Recently, we identified a 
novel centrosome- and basal body-associated isoform of Nlp, Nlp
isoB
, that interacts with both 
lebercilin (LCA5) and the intracellular region of USH2A 
78
. We hypothesized that, at the 
photoreceptor basal body, Nlp functions as a molecular switch between the machineries for 
intracellular transport and that for transport through the connecting cilium of proteins 
involved in outer segment formation and maintenance. It is unclear which isoform of Nlp is 
involved in this process.  
 In this study we further elucidated  the function of a member of the USH-LCA protein 
network, Nlp. Downregulation of Nlp expression in ciliated cells resulted in a significant 
decrease of cilium length, indicating a role for Nlp in cilia formation and/or maintenance. 
Knockdown of Nlp in zebrafish during early development mimicked the defects in 
gastrulation movements observed in Bbs morphants. Subsequent downregulation of Nlp in 
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Silberblick/Wnt11 mutant embryos revealed a genetic interaction between Nlp and the non-
canonical Wnt signalling pathway. In addition, a strong genetic interaction was observed 
between Nlp and each of the Bbs1-12 genes, indicating that both Nlp and the Bbs proteins 
play a role in the planar cell polarity pathway. The observed physical interaction between 
Nlp
isoB
 and the group II chaperonin-like MKKS/BBS6 protein further stresses a functional 
link between Nlp and BBS. 
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Material and methods 
 
Animals 
In this study NMRI mice (Charles River Laboratories, USA) housed in standard cages and 
receiving water and food ad libitum, were used. Animal experiments were conducted in 
accordance with international and institutional guidelines.  
 
Plasmids and antibodies 
Rabbit polyclonal antibodies against Nlp were previously described 
78
. Rabbit polyclonal 
antibodies against MKKS/BBS6 were previously described and generously provided by Dr. 
Michel Leroux 
42
. Chicken polyclonal antibodies against MKKS/BBS6 were obtained from 
Orbigen, Inc. (USA). Monoclonal antibodies recognizing pan-centrin (20H5) were previously 
described 
67,79
, and kindly provided by Dr. Uwe Wolfrum. Anti-polyglutamylated tubulin 
antibodies (GT-335) were generously provided by Dr. Carsten Janke. Anti-flag antibodies 
were from Sigma (Germany). Secondary antibodies for immunohistochemistry and western 
blot analysis were from Molecular Probes-Invitrogen (USA), Rockland (USA), and Jackson 
ImmunoResearch Laboratories (USA). cDNAs encoding human BBS1-12 were cloned in the 
pDONR201 vector using the Gateway cloning system (Invitrogen, USA) according to 
manufacturer’s instructions. The templates for the cDNA synthesis of BBS1, 2, 4, 5, 6, 7 and 8 
were previously described 
8
. BBS3 was amplified by using human retina Marathon- ready 
cDNA (BD Biosciences, USA). The template for amplification of BBS10 was previously 
described 
73
. BBS9, BBS11 and BBS12 were amplified from the clones IRATp970E0855D, 
IRAUp969H1118D and DKFZp686E11104Q, respectively (RZPD, Germany). pDONR201 
vectors containing cDNA encoding (parts of) human Nlp isoform A and B were previously 
described 
78
. 
 
Knockdown of Nlp in cultured IMCD3 cells by RNAi 
Murine ON-TARGET-PLUS siRNA SMART-POOLs (Dharmacon, Inc., USA) were used to 
knockdown Nlp in IMCD3 cells, respectively. As a negative control, the non-targetting 
siRNA SMART-POOL (Dharmacon, Inc., USA) was used. IMCD3 cells were transfected in 
duplo with siRNA pools (20 nM) by using HiPerFect transfection reagent in complete DMEM 
medium containing 10% FCS, according to manufacturers instruction (Qiagen, Germany). 
Three days after the initial transfection, cells were transfected for the second time in low-
serum containing DMEM medium (0.5% FCS) and cultured for an additional two days. To 
test the efficiency of the knockdown, RNA was isolated from one well by using RNA-Bee 
(Tel-Test, Inc., USA), followed by a semi-quantatative RT-PCR using Nlp specific primers as 
described before 
78
. The second well of cells were fixed with methanol at -20 °C, and 
subsequently checked for the presence of cilia by using GT-335 antibodies. Cells were 
mounted with Vectashield containing DAPI (Vector Laboratories, Inc., UK). Images were 
taken with an Axioplan2 Imaging fluorescence microscope (Zeiss, Germany) equipped with a 
Nlp interacts with MKKS/BBS6 and is involved in ciliogenesis 
 
 183 
DC350FX camera (Zeiss, Germany) and cilia length was measured by using the ImageJ 
software. Statistical analysis was performed by using a two-sided Student’s t-test with equal 
variance. 
 
Morpholinos and embryo manipulations 
Translation-blocking morpholinos for Bbs1-12 were previously described 
20,29,68,73,74,84
. 
Translation-blocking morpholinos for Nlp were designed by Gene Tools Inc. (USA) and  
diluted to the appropriate concentrations in deionized, sterile water. In order to determine the 
most effective dose of Nlp morpholino, we injected 1 nl of diluted morpholino (containing 
0.5, 1, 2, 4, 6, 8, and 10 ng) into one- to two-cell-stage embryos as described 
8
. After 
injection, embryos were observed for 24-30 hrs and then scored phenotypically. An amount of 
2 ng morpholino was determined to be optimal for downregulation of Nlp on wild-type 
background. An amount of 0.5 ng morpholino was determined to be optimal for genetic 
interaction assays and for downregulation of Nlp on Wnt11/+ outcross background. For 
rescue experiments, full length zebrafish Nlp cDNA was cloned into the pCS2+/DEST vector 
and subsequently transcribed by using the SP6 Message Machine kit (Ambion, USA) 
according to manufacturer’s instructions. Morphant embryos were classified into two classes 
of phenotypes on the basis of the relative severity as compared to uninjected age-matched 
embryos of the same batch. 
 
Whole mount in situ hybridization 
In situ hybridization was carried out as described 
76
. In short, zebrafish larvae and embryos of 
different stages of development were fixed in methanol overnight at 4°C and subsequently 
stepwise rehydrated with methanol-PBT (0.1% Tween20 in PBS). Two probes were generated 
which recognize transcripts encoding zebrafish Nlp. One probe was amplified using 5’- 
GGCTTTGTGACTGTTGTC -3’ as a forward primer and 5’- 
AGAGAGAAGTCCAGAGTCTG -3’ as a reversed primer. A second probe was amplified by 
using 5’- GGCTTTGTGACTGTGTTGTC -3’ as a forward primer and 5’- 
AGAGAGAAGTCCAGAGTCTG -3’ as a reversed primer. Zebrafish whole body cDNA was 
used as a template. The obtained PCR product was subsequently cloned in the pCR4-TOPO 
vector (Invitrogen, USA) by using the TOPO cloning kit (Invitrogen, USA). A PCR was 
performed by using T7 and T3-polymerase specific primers. Sense and antisense DIG-
labelled RNA probes were generated by using the DIG-labelling kit (Roche, Germany) 
according to manufacturer’s instructions. Embryos and larvae of different stages were treated 
with proteinase K in PBT for better penetration of the probes, and hybridized with probes in 
HM+ buffer for at least 4 hours at 70°C, followed by several 10-15 minutes washing steps 
with HM-/2xSSC and 0.2xSSC/PBT at 70°C and RT, respectively. Embryos were incubated 
overnight at 4 °C with alkaline phosphatase (AP)-coupled anti-DIG antibodies, followed by 
extensive washing with PBT. Samples were incubated with NBT/BCIP solution (Roche, 
Germany) in AP-buffer in the dark at room temperature according to manufacturer´s 
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instructions until staining was observed. The staining reaction was stopped by washing with 
PBT supplemented with 1mM EDTA. Embryos were bleached by several washing steps with 
methanol-PBT, and subsequently refixed overnight at 4°C with 4% paraformaldehyde in PBS. 
After several washing steps with PBT and methanol-PBT, embryos are stored at -20°C. 
 
Yeast two-hybrid interaction assay 
A GAL4-based yeast two-hybrid system (Hybrizap, Stratagene, USA) was used to screen for 
binary interactions between Nlp
isoB
 and BBS1-12. The DNA binding domain (pBD) fused to 
the full length proteins of BBS1-12 was used as bait to test the interaction with full length 
Nlp
isoB
 fused to the activation domain (pAD). Constructs encoding the pAD and pBD-fusion 
proteins were co-transformed in PJ694 yeast cells. If yeast colonies grew on selection plates 
and showed colouring in the - and -galactosidase activity assays, a protein pair was 
indicated positive for interaction.  
 
GST pull-down 
In order to produce GST (glutathion S-transferase) fusion proteins, BL21-DE3 cells were 
transformed with empty pDEST15 and pDEST15-BBS6 full length. Cells were induced at 
30ºC for 4 hours with 0.5 mM IPTG and subsequently lysed with STE buffer (1% Sarkosyl, 
1% Triton-X-100) supplemented with protease inhibitor cocktail (Roche, Germany). Lysates 
were precleared and incubated at 4ºC for 16 hours with glutathione Sepharose 4B beads 
(Amersham Biosciences, USA). Beads with bound fusion proteins were washed twice with 
lysis buffer and three times with TBSTD (TBS with 1% Triton-X-100 and 2 mM DTT). 
During each washing step, samples were incubated at a rotating wheel at 4ºC for 5 minutes. 
The amount of bound GST-fusion protein was verified on a 10% SDS-PAGE gel stained with 
Gelcode Blue Stain Reagent (Pierce, USA). Flag-tagged Nlp
isoB 
was produced by transfecting 
COS-1 cells with p3xflag-Nlp
isoB
 using Effectene (Qiagen, Germany) according to 
manufacturer’s instruction. The precleared supernatants were incubated overnight at 4C with 
equal amounts of blocked beads with GST, or beads with GST-fusion proteins. After three 
washes with lysis buffer, the beads were boiled in 1xSDS loading buffer. Protein complexes 
were analyzed on immunoblots as described for the immunoprecipitations. 
 
Co-immunoprecipitations from bovine retinal extracts 
For immunoprecipitations, bovine retinas obtained from the slaughterhouse were used. 
Retinas were lysed by sonification in lysisbuffer (50 mM Tris-HCl pH7.4, 150 mM NaCl, 
0.5% Nonidet-P40, 1 mM natrium-orthovanadate) supplemented with protease inhibitors. 
Lysates were precleared and incubated for 16 hours at 4°C with mouse monoclonal anti-
chicken IgGs, rabbit polyclonal Nlp antibodies or polyclonal chicken MKKS/BBS6 
antibodies. Protein-antibody complexes are coupled to ProtA/G beads (Santa Cruz) for 2 
hours at 4°C After incubations, the beads were pelleted and washed three times with lysis 
buffer. Beads were boiled and proteins were resolved on SDS-PAGE. For Western blotting, 
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proteins were electrophoretically transferred onto nitrocellulose membranes, blocked with 5% 
non-fat dry milk (Biorad) in PBST (0.1% Tween) and analyzed with the appropriate primary 
and secondary antibodies in 0.5% non-fatty dry milk in PBST. Bands were visualized using 
the Odyssey Infrared Imaging System (LI-COR, USA). 
 
Liquid β-galactosidase assay 
Three independent clones of PJ69-4 yeast cells co-transformed with pAD-NlpisoB full length 
or Nlp
isoB
 full length and pBD-MKKS/BBS6 full length were cultured in selective medium 
lacking Trp and Leu (SD-WL). After two overnight incubation steps at 30˚C, the optical 
density of the cultures was determined at a wavelength of 600 nm. Cell lysis and subsequent 
staining reactions were performed by using the Yeast β-galactosidase assay kit (Pierce, USA) 
according to manufacturer’s instructions. Absorbance was measured at 420 nm. Statistical 
analysis was performed by using a two-sided Student’s t-test with equal variance.  
 
Co-localization in mouse retina 
Unfixed eyes of 15-20 day old (P15-P20) wild-type or MKKS/BBS6
-/-
 mice were isolated and 
frozen in melting isopentane. Cryosections (7 μm) were treated with 0.01% Tween-20 in PBS 
for 20 minutes, followed by a 30 minutes blocking step with blocking solution (0.1% 
ovalbumin, 0.5% fish gelatin in PBS). Antibodies diluted in blocking solution were incubated 
overnight at 4C. Secondary antibodies were also diluted in blocking solution and incubated 
in the dark for 1 hour. Sections were embedded with Prolong Gold Anti-fade (Molecular 
Probes, USA). Pictures were made with an Axioplan2 Imaging fluorescence microscope 
(Zeiss, Germany) equipped with a DC350FX camera (Zeiss, Germany). Images were 
processed using Axiovision 4.3 (Zeiss, Germany) and Adobe Photoshop (Adobe Systems, 
USA). 
 
Co-localization in ARPE-19 cells 
To determine the cellular localization of Nlp
isoB
 and MKKS/BBS6 in ARPE-19 cells, we 
cloned the cDNA encoding MKKS/BBS6 in pDEST501 by using the Gateway cloning 
technology (Invitrogen), resulting in N-terminally fused eCFP-MKKS/BBS6. Nlp was cloned 
in pDEST733, resulting in N-terminally fused mRFP-Nlp
isoB
. ARPE-19 cells were co-
transfected with pDEST733-Nlp
isoB
 and pDEST501-MKKS/BBS6 by using Effectene 
(Qiagen) according to manufacturer’s instructions. Twenty hours after transfection, cells were 
washed with PBS, fixed with 4% paraformaldehyde and mounted with Vectashield containing 
DAPI (Vector Laboratories, Inc., UK). Images were taken with an Axioplan2 Imaging 
fluorescence microscope (Zeiss, Germany) equipped with a DC350FX camera (Zeiss, 
Germany) and processed using Adobe Photoshop (Adobe Systems, USA). 
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Results 
 
Nlp is involved in ciliogenesis 
We recently identified a novel isoform of the centrosomal ninein-like protein (Nlp
isoB
) 
that associates with USH2A and lebercilin. In photoreceptor cells Nlp is located at the basal 
body and accessory centriole 
78
. Therefore, we hypothesized that Nlp might be involved in 
cilia formation. Also a close homologue of Nlp, ninein, is essential for cilia formation 
31
. To 
study the role of Nlp in ciliogenesis, Nlp expression was silenced in ciliated IMCD3 cells by 
siRNA. We found a significant decrease of cilia length by approximately 50% (n=64) as 
compared to controls (n=64) (Fig.1). These results suggest a role for Nlp in ciliogenesis, 
analogous to the function of ninein.  
 
 
 
Figure 1. Effects of Nlp siRNA on ciliogenesis. (A) Cilia formation in IMCD3 cells after transfection with non-
targetting siRNAs. (B,C) Upon depletion of Nlp, cilia length is significantly reduced as compared to controls 
(P<0.001). Nuclei were stained with DAPI (blue signal). Cilia and basal bodies were stained with GT-335 
antibodies (green signal). ‘n’ represents the number of cells of which the cilia were measured. 
 
Identification and characterization of the Nlp orthologue in zebrafish  
 To elaborate on the role of Nlp in cilia formation, we first addressed the suitability of 
zebrafish to study Nlp function by assessing Nlp expression in this model system. A single 
zebrafish ortholog of Nlp was identified by performing tBLASTn searches on the zebrafish 
genomic sequence (Human Genome Browser, ZV1.3 release) by using (parts of) the protein 
sequence of human Nlp. Based on the identified sequence, we were able to amplify zebrafish 
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Nlp cDNA (Supplemental data) from whole body mRNA. To determine whether the 
identified transcript indeed was derived from the orthologue of human Nlp and not from the 
closely related NIN, we searched for the presence of evolutionary conserved elements. Human 
Nlp contains three putative EF hand domains, two of which are conserved in zebrafish 
78
 
(Fig.2A). In addition, at least nine putative Plk1 phosphorylation sites are present in human 
Nlp 
19
. Six out of nine phosphorylation sites are conserved between human and zebrafish (Fig. 
2B). Also, an intermediate filament (IF) domain is predicted to be present in both human 
Nlp
isoB
 
78
 and zebrafish Nlp (Pfam homepage; www.pfam.sanger.ac.uk).  
 
 
 
Figure 2. Cloning and characterization of zebrafish Nlp. (A) Schematic representation of the protein structure 
of human Nlp
isoA
 and Nlp
isoB
 (H.s. Nlp
isoA
 and H.s. Nlp
isoB
) and zebrafish Nlp (D.r. Nlp) as predicted by using 
the Pfam homepage. (B) Six out of nine predicted Plk1 phosphorylation are conserved between human and 
zebrafish Nlp. (C) Phylogenetic tree constructed of zebrafish Nlp, human Nlp
isoB
, human ninein isoform2 and 
SANS. Zebrafish Nlp is more closely related to human Nlp
isoB
 than to human ninein. H.s.: homo sapiens; D.r.: 
danio rerio; CC: coiled-coil; IF: intermediate filament domain. 
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Finally, we constructed a phylogenetic tree using the amino acid sequences of human 
Nlp
isoB
, human ninein, the putative zebrafish Nlp, and the unrelated human SANS protein. 
This revealed that the putative zebrafish Nlp is more closely related to human Nlp
isoB
 (33.5% 
identity) than to ninein (19.0% identity) (Fig. 2C). Altogether, we can conclude that we 
identified and cloned the transcript of the zebrafish orthologue of the human Nlp transcript 
encoding Nlp
isoB
. Based on our RT-PCR data from whole body zebrafish RNA, we can also 
conclude that the most prominent transcript in zebrafish is the transcript encoding Nlp
isoB
. 
 
 
 
Figure 3. Nlp expression during zebrafish development. Localization of Nlp RNA by whole mount RNA in situ 
hybridization on zebrafish embryos of different developmental stages. Specific expression was found in the 
following structures as indicated by numbers and arrows: (A) 14 somite stage: 1, inner ear; 2, optic stalk; (B) 14 
somite stage: 3, midline; (C) 18 somite stage: 3, midline; 4, pronephric duct; (D) 18 somite stage: 2, eye; (E) 18 
somite stage: 1,  inner ear;  4, optic nerve (F) 1 dpf: 2, eye; 4, pronephric duct; 5, brain; (G) 2 dpf: 2, eye; 4, 
pronephric duct; 5, brain. (H) At 6 dpf, expression was observed in certain structures in the brain (5), the 
developing heart (6) and in the eye (2), more specifically in the photoreceptor cell layer (I; 2). som: somites; 
dpf: days post-fertilization. 
 
 To determine the expression of Nlp in zebrafish embryos during several stages in 
development, we performed RNA in situ hybridization. Two different antisense probes were 
used that were derived from the 5’-end and the 3’-end of the zebrafish Nlp transcript. Both 
probes showed similar results. The sense probes were used as a negative control and did not 
show any signal, indicating the specificity of the experiments (data not shown). At the 14 
somite stage, Nlp was detected in the developing inner ear, the optic stalk and the midline 
(Fig. 3A-B). At the 18 somite stage, Nlp expression was observed in the developing inner ear,  
Nlp interacts with MKKS/BBS6 and is involved in ciliogenesis 
 
 189 
the developing optic nerve and eye, the midline and the pronephric duct (Fig. 3C-E). From 1 
dpf onwards, Nlp expression was observed in the same structures as at the 14 and 18 somite 
stage, except for the inner ear. In addition, Nlp expression was seen at certain structures in the 
brain and the retina (Fig. 3F-G). From 6 dpf onwards, Nlp expression was restricted to certain 
structures in the brain, the developing heart and the retina (Fig. 3H-I). Based on the 
expression in the developing retina, inner ear and other organs known to be affected in 
ciliopathies, we concluded that zebrafish is a suitable model organism to study the possible 
involvement of Nlp in cilia formation and function at the level of the organism. 
 
Downregulation of Nlp expression mimicks gastrulation movement defects of 
Bbs morphants 
We designed a translational blocking morpholino (MO) to specifically block Nlp 
expression during zebrafish gastrulation. Injection of increasing amounts of these MOs 
resulted in dosage-dependent defects in early development (Fig. 4A). These include severe 
shortening of the body axis, a reduction of the distance between rhombomere 5 and the first 
somite, widened somites and, to a lesser extent, broadening of the notochord. This was further 
visualized by whole mount in situ hybridization with riboprobes against myoD, krox20 and 
pax2 (Fig. 4B). Rescue experiments were performed to test the specificity of the phenotype. 
Co-injection of 2 ng Nlp MOs with 50 pg capped MO-resistant Nlp RNA indeed reduced the 
incidence of the described phenotype by approximately 72% (n=38), which indicates the 
specificity of the observed defects (Fig. 4C).  
Knockdown of Nlp remarkably mimicked the defects observed after knockdown of 
Bbs genes, suggesting that Nlp and Bbs proteins function in the same processes in 
development. To test this hypothesis, we co-injected 0.5 ng of Nlp morpholino, which by 
itself yielded only a phenotype in 17% of injected embryos (15% class I and 2% class II; 
n=41), with 1-9 ng of translation blocking MOs against Bbs1-12. When injected alone, these 
amounts yielded gastrulation phenotypes in 20% (Bbs1, 2, 3, and 12), 15% (Bbs4), 12% (Bbs5 
and 6), 22% (Bbs7), 13% (Bbs8), 30% (Bbs9 and 11), and 11% (Bbs10) of embryos. Co-
injection of these subeffective doses of Nlp and Bbs MOs resulted in a substantial increase of 
both the percentage and severity of the phenotype (Fig. 4D). These results support our 
hypothesis that Nlp and the Bbs proteins function in the same processes in zebrafish 
development. 
 
Nlp interferes with the non-canonical Wnt pathway 
The phenotype observed in Bbs morphants is caused by a perturbed non-canonical 
Wnt/planar cell polarity (PCP) pathway 
68
, suggesting that downregulation of Nlp also affects 
this pathway. To study a possible role of Nlp in non-canonical Wnt signalling, we injected a 
subeffective dose of Nlp MO in silberblick embyos that are defective for Wnt11. 
Silberblick/Wnt11 mediates convergent extension movements during zebrafish gastrulation 
33
. 
As mentioned, injection of 0.5 ng Nlp MO in a wild-type background resulted in 17%, mainly 
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Figure 4. The convergent extension phenotype of Nlp and Bbs1-12 morphants. (A) Representative examples of 
stage-matched wild-type and mildy affected (Class I) or severely affected (Class II) Nlp-morphants. Note the 
shortened body length, broadened and thinned somites and widened notochord as indicated by MyoD 
expression, and broadened fifth rhombomeres (Krox20) (B). (C) Co-injection of various amounts of capped Nlp 
mRNA with Nlp morpholino, rescued the phenotype, indicating the specificity of the morpholino. (D) Genetic 
interaction between Nlp and Bbs1-12. Co-injection of low dosage morpholinos against Nlp and Bbs1-12 resulted 
in significantly increased gastrulation defects as compared to single injections. 
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mildly, affected embryos. Nlp knockdown by injection of 0.5 ng MO in silberblick/Wnt11 
mutants resulted in 88% affected embryos (64% class I, 24% class II; n=84) (Fig.5A). In 
contrast, uninjected silberblick/Wnt11 controls demonstrate in 62%, a mainly mild phenotype  
(55% class I; 7% class II; n=58) (Fig.5B). Injection of an increased dose of Nlp MO (2 ng) 
resulted in a further increase in severity and number of affected embryos. In addition, a third 
class of affected embryos, class X, was observed, which failed to complete epiboly (21% 
class I, 46% class II, 21% class X; n=24) (Fig.5B). These resuls show a clear genetic 
interaction between Nlp and Wnt11 indicating that Nlp influences the non-canonical Wnt 
signalling pathway.  
 
 
Figure 5. Genetic interaction of Nlp and Wnt11. (A) Convergent extension phenotype of Nlp translation-
blocking morpholinos on Wnt11/+ outcross background. Representative examples of uninjected controls and 
phenotypes produced after injection of Nlp morpholinos. (B) Dose-dependent quantitative representation of the 
effect of the Nlp morpholinos on Wnt11 background as compared to wild-type. 
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Figure 6. Association of Nlp
isoB
 and MKKS/BBS6. (A) Yeast two-hybrid assays of Nlp
isoB
 with BBS1-12 
revealed a specific interaction between Nlp
isoB
 and MKKS/BBS6. (B) A liquid β-galactosidase assay revealed a 
clear interaction of MKKS/BBS6 and Nlp
isoB
 and only a very weak interaction with Nlp
isoA
. (C) GST pull-down 
assays showing that flag-tagged Nlp
isoB
 was efficiently pulled down by GST-fused MKKS/BBS6, but not by 
GST alone. The left lane shows 1% of the protein lysate that was used. (D) Co-immunoprecipitation of Nlp 
from bovine retinal extracts with MKKS/BBS6 antibodies, but not with rabbit IgGs. 
 
NlpisoB associates with MKKS/BBS6 
 Because of the observed genetic interaction of zebrafish Nlp and Bbs1-12, a possible 
physical interaction of human Nlp
isoB
 and the BBS proteins was tested in yeast two-hybrid 
assays. A specific interaction was observed between Nlp
isoB
 and MKKS/BBS6, but no 
indication for an association of Nlp
isoB
 and on of the other BBS proteins was obtained (Fig. 
6A). In a liquid β-galactosidase assay we found that MKKS/BBS6 clearly interacts with 
Nlp
isoB
 and to a lesser extent with Nlp
isoA
 (Fig. 6B). The association of Nlp
isoB
 and 
MKKS/BBS6 was confirmed in a GST pull-down assay. Flag-tagged Nlp
isoB
 was pulled down 
from a COS-1 cell-lysate with GST-fused MKKS/BBS6 but not with GST alone (Fig. 6C). In 
addition, Nlp
isoB
 was co-immunoprecipitated from bovine retinal extracts with an antibody 
against MKKS/BBS6 (Fig. 6D). Nlp was not significantly precipitated by using chicken and 
rabbit IgGs, which confirms the specificity of the assay.  
Nlp interacts with MKKS/BBS6 and is involved in ciliogenesis 
 
 193 
 
 
Figure 7. Centrosomal localization of Nlp
isoB
 and MKKS/BBS6 in ARPE-19 cells. When expressed alone, 
eCFP-MKKS/BBS6 (green signal) was localized to both centrioles of the centrosome (A), mRFP–NlpisoB (red 
signal) was mainly localized to one centriole, probably the mother centriole (B). After co-expression of Nlp
isoB
 
and MKKS/BBS6, both proteins were localized at (both centrioles of) the centrosome, confirming the interaction 
between both proteins (C-C’’). Nuclei were stained with DAPI (blue signal). 
 
 To visualize the interaction between Nlp
isoB
 and MKKS/BBS6 we co-expressed 
mRFP-tagged Nlp
isoB
 and eCFP-tagged MKKS/BBS6 in human retinal pigment epithelium 
cells (ARPE-19). As described before 
42
, a specific localization was observed at both 
centrioles of the centrosome in single transfected cells expressing eCFP-MKKS/BBS6, 
independent of the mitotic phase of the cell (Fig. 7A). During interphase, single transfected 
cells expressing Nlp
isoB
 show a centrosomal localization predominantly at one centriole, most 
probably the mother centriole (Fig. 7B). In mitotic cells a punctate localization in the cell 
periphery was observed for Nlp (data not shown). Cells co-expressing MKKS/BBS6 and 
Nlp
isoB
 show a co-localization at both centrioles during interphase (Fig.7C-C’’).  
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MKKS/BBS6 and Nlp co-localize at the murine photoreceptor cell basal body 
 The subcellular (co-)localization of MKKS/BBS6 and Nlp in mouse photoreceptor 
cells was determined by using previously described antibodies against both proteins 
42,78
. 
Monoclonal antibodies recognizing centrin 1-4 (pan-centrin) were used as a marker for the 
photoreceptor basal body and connecting cilium. MKKS/BBS6 could be detected at the 
synaptic layer of the photoreceptor cells, the outer plexiform layer (OPL), and at the basal 
body and connecting cilium, as could be shown by a complete colocalization with centrin 
(Fig. 8B).  
 
 
Figure 8. Co-localization of Nlp and BBS6 in the retina. (A-A’’) Co-immunostaining of MKKS/BBS6 and Nlp 
in radial cryosections of adult (P20) rat retina by using anti-MKKS/BBS6 antibodies (red signal; A) and anti-
Nlp antibodies (green signal; A’) showing  co-localization (yellow signal; A’’) in the inner segment (IS) and in 
the region of the connecting cilium (CC). (B-B’’) High magnification fluorescence microscopy analysis of 
double labeling with anti-MKKS/BBS6 (red signal; B) and anti-pan-centrin antibodies (marker for the 
connecting cilium, basal body and accessory centriole) (green signal; B’) in cryosections through the ciliary part 
of rat photoreceptor cells. Merged images indicate co-localization of MKKS/BBS6 and centrins in the centriole, 
basal body and connecting cilium (yellow signal; B’’). 
 
Nlp was detected in the inner segment and at the basal body as was previously 
described 
78
. Co-localization of MKKS/BBS6 and Nlp was observed in the region of the 
connecting cilium of photoreceptor cells (Fig. 8A), more specifically the basal body. A 
possible dependency of the Nlp localization on the presence of MKKS/BBS6 was addressed 
by performing immunohistochemical analyses on retinal cryosections of P20 MKKS/BBS6
-/-
 
and wild-type mice from the same litter. At this age, no obvious signs of retinal degeneration 
characterized by shortening of the outer segments and reduced numbers of nuclei at the outer 
nuclear layer are present yet. Localization of Nlp in the inner segments and basal bodies was 
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not altered in the eyes of the MKKS/BBS6
-/-
 mice, indicating that Nlp localization is 
independent of the presence of MKKS/BBS6 (data not shown). 
 
 
 
Figure 9. Relative interaction strength between Nlp
isoB
 and MKKS/BBS6 variants. Wild-type MKKS/BBS6 and 
MKKS/BBS6 proteins with different amino acid substitutions were assessed for interaction with full length 
Nlp
isoB by quantification of β-galactosidase activity in yeast. Error bars represent the standard deviation of the 
mean values from analyses of three independent colonies. Open asterisks represent significant reduction of 
interaction strength as compared to wild-type. The solid asterisk represents significant enhancement of 
interaction strength. 
 
Mutant alleles affect MKKS/BBS6 - Nlp isoform B interaction 
 We further ascertained the biological relevance of the interaction between Nlp
isoB
 and 
MKKS/BBS6 by the introduction of fifteen previously identified (possibly) pathogenic 
missense mutations in MKKS/BBS6 (Table 1) by site-directed mutagenesis and a quantitative 
yeast two-hybrid interaction assay. Eight amino acid substitutions (p.Y37C, p.R155L, 
p.A181P, p.A242S, p.L277P, p.D286A, p.T325P, and p.G345E) significantly reduced the 
interaction with Nlp
isoB
, whereas the interaction was significantly enhanced by the p.C499S 
substitution (Fig. 9, table 1). The interaction between Nlp
isoB
 and the MKKS/BBS6 variants 
p.G52D, p.H84Y, p.T112A, p.S236P, p.T237P, and p.S511A was not significantly altered 
(Fig. 9, table 1). Of particular interest are the effects of the p.R155L, p.D286A, and p.G345E 
variants which are identified in BBS patients in which only one putatively pathogenic 
MKKS/BBS6 allele was identified 
11,70
 (and NK unpublished results). Disruption of the 
interaction with Nlp
isoB
 indicates the functional relevance of these MKKS/BBS6 variants, and 
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supports their pathogenic nature. In addition, the MKKS/BBS6 p.A242S allele is considered 
to be a risk factor for BBS, McKusick-Kaufman syndrome and obesity in general. However, 
no clear evidence is present for its pathogenic effect 
2,11,41,75
. The reduced binding of p.A242S 
MKKS/BBS6 to Nlp
isoB
 is the first indication for an effect on MKKS/BBS6 function for this 
mutation. Because of the lack of a functional assay for  MKKS/BBS6, the pathogenic nature 
of the p.C499S variant remained unclear 
41
. This variant was identified as a third allele in a 
patient with two truncating BBS2 mutations. Our results suggest that the p.C499S substitution 
is a gain-of-function mutation, through the enhancement of the interaction with Nlp
isoB
. The 
MKKS/BBS6 p.Y37C, p.R155L, p.A181P, p.A242S, p.L277P, p.D286A, p.T325P, and 
p.G345E variants are likely to be loss-of-function mutations since they disrupt the association 
of MKKS/BBS6 and Nlp
isoB
.  
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Discussion 
 
 NlpisoB was recently identified as the molecular link between USH and LCA 78. The 
pathogenic mechanisms underlying these disorders that both affect the retina, are not fully 
understood. To further elucidate these mechanisms, we focussed on the molecule that 
connects these disorders, Nlp. So far, Nlp has only been studied in cultured cells and it was 
found to be involved in microtubule nucleation, anchoring and outgrowth 
18,19,65,81
. As was 
already reported for the closely related gene NIN 
31
, downregulation of Nlp in ciliated cells 
results in defects in cilia formation or maintenance. To determine a possible role of Nlp in 
cilia function in developing organisms, in vivo knockdown experiments were performed in 
zebrafish. We observed a shortened body axis, broadened somites, and a widened notochord 
which indicate defects in convergence and extension during early development. Strikingly, 
the phenotype observed in Nlp morphants resembled the phenotypes previously observed in 
zebrafish deficient for Bbs genes 
8,29,46,73,74
. Subsequent double knockdown studies revealed a 
genetic interaction between Nlp and Bbs1-12 and binary protein-protein interaction assays 
showed a specific interaction between Nlp
isoB
 and MKKS/BBS6. Our data indicate that USH, 
LCA and BBS are related disorders that might involve by (partially) overlapping pathogenic 
mechanisms. The latter is corroborated by the fact that mutations in the gene encoding 
CEP290 can be causative for both LCA and BBS, and also for other ciliopathies such as 
Joubert syndrome and Meckel-Gruber syndrome 
25,28,46,77
.   
Rabin8, a member of the recently identified BBSome 
54
, is required for ciliogenesis 
and is involved in GTP loading onto Rab8. Rab8
GTP
 likely functions in the docking and fusion 
of post-Golgi vesicles at the base of the cilium. At this site, ciliary proteins are loaded onto 
the intraflagellar transport (IFT) machinery 
64
 and subsequently transported into the cilium. In 
C. elegans the IFT particles are transported into the cilium by two motors, kinesin II and 
osmotic avoidance defective kinesin (OSM-3) 
59
, which is a homologue of the vertebrate 
Kif17 
36
. The BBS proteins BBS7 and BBS8 and the ciliary protein DYF-1 are required for 
the stabilization of the complexes of IFT particles containing both motors, which is crucial for 
proper transport and transport-kinetics 
13,59
. Via its direct association with the dynein-dynactin 
motor complex 
18,78
, Nlp
isoB
 could function in the microtubule-based intracellular transport of 
(ciliary) proteins towards the centrosome/basal body. At the basal body, Nlp
isoB
 might 
function as a molecular hinge that connects cytoplasmic intracellular transport mechanisms 
and the intraflagellar transport machinery, as was previously suggested 
78
. Unlike Nlp 
18
, 
MKKS/BBS6 is not dependent on polymerized microtubules and the dynein/dynactin motor 
for its localization at the centrosome and basal body 
42
. These observations suggest that the 
interaction between both proteins is not necessary for their targetting towards and anchoring 
at the centrosome or basal body. Kim and co-workers showed that MKKS/BBS6 p.G52D fails 
to localize at the centrosome 
42
. We did not observe any difference in interaction strength of 
this mutated MKKS/BBS6 protein with Nlp
isoB
 as compared to wild-type MKKS/BBS6. In 
addition, MKKS/BBS6 p.R155L has been shown to localize to the centrosome properly 
42
, 
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even though the interaction with Nlp
isoB
 is lost. These results indeed indicate that Nlp
isoB
 is not 
essential for the transport of MKKS/BBS6 to the centrosome. Also, the localization of Nlp at 
the basal body of the photoreceptor cells does not seem to be altered in the retina of the adult 
Mkks/Bbs6 knockout mouse (P20; data not shown). At the basal body, the chaperonin-like 
MKKS/BBS6 protein is anchored by a yet unknown protein and might assist in folding ciliary 
proteins to facilitate the loading onto the IFT transport machinery 
53
. Downregulation of Nlp 
expression in murine ciliated cells results in impaired cilia formation and/or maintenance, and 
knockdown of Bbs2, Bbs4, Bbs5, Bbs6, Bbs7 or Bbs8 in zebrafish results in the disruption of  
Kupffer’s vesicle 84, a ciliated organ which is thought to be involved in left-right patterning. 
The defects of the Kupffer’s vesicle are due to a progressive loss of cilia, resulting in 
alterations in organ laterality, and defects in retrogade intracellular transport 
84
. Altogether, 
these and our data suggest that Nlp and the BBS proteins function together in several 
(vesicular) transport pathways necessary for cilia formation and/or maintenance 
54
.  
BBS is a ciliary disorder that is associated with basal body and primary cilia 
dysfunction as the likely cause 
3,29,46
. At primary cilia and basal bodies, extracellular Wnt 
signals are communicated to the intracellular environment 
30,69. Besides causing Kupffer’s 
vesicle defects, knockdown of Bbs genes in zebrafish results in defective gastrulation 
movements due to a perturbed planar cell polarity (PCP) pathway 
68
, which is one aspect of 
the non-canonical Wnt signalling pathway. A defective PCP pathway in mice results in neural 
tube defects, open eyelids and misoriented cochlear hair bundles 
22,48,49
. In line with this, 
Bbs1, Bbs4 and Mkks/Bbs6 null mice revealed defects in cochlear hair bundle orientation, due 
to a mispositioned kinocilium 
68
. Polarization of the kinocilium was shown to be secondary to 
the asymmetric distribution of core PCP proteins at cell-cell junctions of the hair cells 
24
. 
Recently, hair bundle orientation in mouse models with defects in USH1 genes was shown to 
be abnormal as a result of mispositioned kinocilia 
45
. However, no differences in PCP protein 
distribution were observed in these mice, indicating that the USH1 proteins function 
downstream of the core PCP proteins. The defects in hair bundle orientation suggest a certain 
role of the USH protein complex in establishing PCP, analogous to the BBS proteins, 
although at a different point in the pathway. The observed genetic interaction in zebrafish 
between the gene encoding the USH2A
isoB
-interacting protein Nlp and the Bbs genes, and also 
the Wnt11 gene, is in line with a role of the USH protein complex in establishing PCP.  
Dishevelled (Dvl) and Rho guanosine triphosphatase (Rho GTPase) together regulate 
the docking and planar polarization of basal bodies 
63
, a process which has been hypothesized 
to be regulated downstream or independent of core PCP proteins 
38
. Basal bodies are formed 
in the cytoplasm of cells, associate with a secretion vesicle 
63
 and migrate towards the apical 
surface of the cell. The secretory vesicle fuses with the cell membrane, which resembles 
exocytosis, and anchors the basal body to the surface 
72
. The migration process is dependent 
on the presence of a massive apical actin network 
15
. Several proteins, like the PCP effectors 
Fuzzy and Inturned 
62
, and Dishevelled and Rho GTPase 
61
, are involved in the assembly of 
this apical actin meshwork. The USH protein complex has been shown to be involved in actin 
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bundling and stabilization 
44
 (and references therein). Therefore, the USH protein complex 
might also play a role in the formation of the apical actin network in hair cells and thereby in 
the orientation of the hair bundle. An analogous role might be played in the photoreceptor 
cells in the localization of the connecting cilium. 
 During cytokinesis of mitotic cells, the secretory vesicle is anchored at the midbody. 
This anchoring is required for the secretory-vesicle-mediated abscission of daughter cells. 
Centriolin has been proposed to be involved in the attachment of this secretory vesicle 
32
. We  
hypothesize that the novel lebercilin-Nlp-MKKS/BBS6 protein complex might also be 
involved in anchoring of this vesicle, since we and others showed the presence of Nlp, 
lebercilin 
78
 and BBS6/MKKS 
42
 at the midbody. Also, downregulation of MKKS/BBS6 
resulted in a defective abscission 
42
.  
Defects in non-canonical Wnt signalling can also influence canonical Wnt signalling 
29
, because the corresponding pathways are closely related and regulated 
37
. Dishevelled (Dvl) 
is the key regulator of both pathways. Membrane bound Dvl is critical for non-canonical Wnt 
signalling, whereas cytoplasmic and nuclear Dvl is indicative for canonical Wnt signalling 
5,17
. During canonical Wnt signalling, activated Dvl inhibits the degradation of β-catenin by 
the GSK3-β-APC complex. Beta-catenin is translocated to the nucleus and interacts with 
members of the TCF family after which target genes of nuclear TCF-β-catenin are transcribed 
50,55,80,83
. Downregulation of Nlp resulted in slightly elevated levels of nuclear β-catenin in 
reporter assays, which is indicative for an impaired canonical Wnt pathway (data not shown). 
Accumulation of nuclear beta-catenin often results in embryonic dorsalization 
58
. We obtained 
indications for a mild dorsalization in Nlp morphants, however, these results need to be 
confirmed (data not shown). Our data indicate that, besides being involved in the non-
canonical Wnt signalling pathway, Nlp might also affect the canonical Wnt signalling 
pathway.  
In conclusion our results show that in the retina, BBS, USH and LCA are connected at 
the molecular level by the direct association of USH2A
isoB
, lebercilin and BBS6/MKKS with 
Nlp
isoB
. The defects observed in zebrafish and cultured ciliated cells in which Nlp is depleted, 
together with the current knowledge on the pathogenic mechanisms underlying BBS, suggest 
that defects in establishing PCP might also be (part of) the pathogenic mechanism underlying 
USH and LCA. The molecular basis of these defects is not yet completely understood, 
however, it can be hypothesized that impaired cilia formation and function due to defective 
intracellular (vesicular) transport and intraflagellar transport might be the primary cause of 
these disorders. The central position of Nlp
isoB
 within the novel protein complex stresses its 
importance in photoreceptor cell function and survival. Given its role in the PCP pathway and 
both the physical and genetic interaction with MKKS/BBS6 and the Bbs genes, respectively, 
Nlp can be considered as an excellent candidate gene for BBS or related ciliary disorders. 
However, no clearly pathogenic mutations have been identified yet. In view of its broad 
expression pattern 
78
, it can even be postulated that Nlp mutations might be embryonic lethal. 
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Supplemental data 
 
Zebrafish Nlp coding sequence: 
 
atggacgaggatgagcagaaccgctatgtggcccagctgaaggatgaatttgacagctgtgacaccactggtacgggttacctcgaca
aagaggagctcactgctctatgccacaagctcagcctagatgcccatctgcctttgctgctggacactcttctaggaccacaacattatgc
cagggtgaattttgaggagtttaaagagggctttgtggctgtgttgtcaaggtcgttggacttcagtacttcagaggaggagagcagctat
cttgaaccagctgtcccagaggaggtgaagcctaaatatgtgaaaggaaccaaaaggtacgggcgacgctcacggccagacaagac
tgacttagagctgacagcagactcagattcactgccatttgggactgataaagtggaagcaaatggtgtgaggagagccaagctcaga
cgctccacctcactggagagtgttgagagtctcaaatcagatgaagacacaggaagcaacaaagagtccacacaccactattttgtgg
cacaaggccagctgaagctctggaatcaagatggcacaggaaattgtcaacgctcatctgacaatcagcaggaagtgacagacggg
caggtgagggcagtttgggaagaactgggggtcggagctgccggatcactaaaccgtgaggagctttcactcgtctgtgatcacatcg
gacttaagcatttagaggctgaggagttagacgctctcttcaggaaactggacaaggatcaggatggaaaagtcagtctcattgagttcc
agagcggcctgttcaaaccacatgatcatgcttcacccctctctacctccacccctgcacggcccaaaccactgcgcaccatctcgaag
gctcttgaggaacgtgtggtgcgttccacttccccttctttattatcggctactgtgggtcagaggctgttgacccgactggatgatggatc
gggatgcacaagcccagaaaaagtcatggctctctggacggaggaggggattcacaacagcagggatatcctacagactcagactct
ggacttctctctggaggagcggctgtgtctggctgaactcactctggctctggacaatgagttactggtcagtgggaatggcatccatca
agctgctctggtctcctacaagaatgagattaactacttgcaagttctagcagaccaagcctgtcaagagcgggacaaagcgaaggca
gacctagaacaggctgatcgcagaaacctccagctagtccgagaggtggatgatcgtcacgcaaccatggagtctcttaatgagtcta
aaatcaaggatctggagcaagagttccgggataagcttacagcactgaggagcgagtcggagtatgaaagcgaggttctgctggagc
aggtggagaaggagagggagagactacgggatgagctgcagctgctcagatctcaggacattagccttcaggaggacatgtgcact
actgttaatgagaacaggcgattggaggaggaagtgagcgctcttaaggagaagctgactgaggcggagagcgccatctcgaagct
gcagaatgatctagatcgccttctgcaggacaagtatgatggcctggatgcaaatggcacaggactgctgaatcaagaggagcaattc
acagagatcttcaaggagtacgagcagcaatgcagggagttgcaggacaggaatgacgagttatgctccgagctggagttgttgaagt
ctcagggctccggaaagagaaccagactctccaggagtagccttcctgctaacgactggtcaaaccgaagagcattaactaccgaatc
agattctgatgatcctgaaatgaagaaaggtacatctcctcaagtcagaaaaaagctccaagttactgacaaaaatgtgttgggttctttg
gagagtttggctccccctgtcagcattgagacagaactggccatggagaagatgaaagagagatatgagcaagaggttcaggacttg
aagatccagcttgagactaaggtgaatttctatgagcgcagcatggatctgatgcggcagaacatggaggttgagcggaaggacatct
cgcagagctttaagatggagatcagtgagctggaagacctgaaggctcgggctgaggagcgggctgaacagatgcgtcagacaact
gaaaggctggaagcagagctgaggggtaagacttcaggaggtgcctggggtcaagagcaggaacggaggattcagagggaacgg
gcggaactggagcagaattatgctcgtgagatcagtaacctcgtgctgcgcctcacttcagagaaagatcagctggaggcagaactca
agctcaggatggaccgggaagtgctgcttgttagggctcaacttgatgaggtcacttcggaaaactgtgcactgaaagacaggctagct
gtcctgcagcaggatgtcaagtcactggaggaggatgttaacaacaagaggaagaaacttgaggaaatggaaaaaggatatatgaag
aatcgagaagatgaagagaggctacggaaagagaattccaaatgtcgagaggaggtgcttgacctcagtgcgagaaacctgcagctt
agcagtgagaatgctgaactgagctcccgactgtgtactgatcagagagcagtgcagacgctgacagacaggctggcacaggtgtgt
caagagagagatgcagcagctgtgtcctccaaacagctgcaggaaaacctacagcagcaggagaaccacggactgaggctccagg
aacagtggaggaaagagaaggagctcctagagagggaacttcaaactgccaaggaggcgctccagcatttaaccgttgttgaatctg
cactaacaagtcagactctgaaaaacaaatcactagagcaagacaaggagagtttgctaaaggaaacagcagaaaacgaccagaag
ctcaagaagcttcaggaggctcttcgcaactcagaaacccagatagagcagctcaacgcccagatactgactatgtggcaagaaaag
gatgttcatgttcaggaagctgcagcgcatataaagatgctgcaacagtctcaggacaaggtccaagagctcgaagagagaataagtc
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agctgcgtaaagaaaaggagcaggtacaacacacccacaggcttcaggaggagacggcagtcagtgttctgcagaatgagtgcaag
agcctgcgagtacagaacaaggagcttcaaaacaaggtggctcagctgcaatcacgggagcttgaacttcagagactgacacacga
gtgtctcactttgagaaataaacaagcagagttggagactgctaaacaagaagcaaatcaacaggcaatgagggcagagagcactcg
atcaatggtccaggctcagcatacacgtgagatacaggaactaaaggaacagatggggtctggtacccaggaacatgcgtctcacctg
cagactcaactggctgagcagcagcgcaggacgcaggattttgaggatctgcttcgctctcaggccaagcaggccagtgttcagatg
ggccttcagcaggagcaatatgagaaactgatggcgagtatgcaggagcgtatggatgaggttgaggccaagctgaaaaacacccgt
gtcatgcttcaggagaaagtcaaccagctgaaagaacagctggccaaaaattccaagtcagacgtgctgttaaaggacctttatgtgga
aaactctcagctaatgaaggctcttcaggtgaccgagcagaggcagaagagcgcagagaaaaagtccttcctcctggaggagaaagt
cattgctctgaataaactcttacgtaaaatcgccccagcatcactcacagcttag  
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1. The expanding Usher protein network  
Usher syndrome is a genetically heterogeneous disorder. At the onset of the studies 
described in this thesis, mutations in eight different genes were known to be causative for the 
disease. These genes encode two scaffold proteins (harmonin and SANS), a motor protein 
(myosin VIIa), two cell adhesion proteins (cadherin 23 and protocadherin 15), a large 
transmembrane protein (GPR98), an extracellular matrix protein (USH2A), and a 4-
transmembrane protein (clarin-1).  
Initially, it was unclear how mutations in proteins that belong to such different protein 
families could lead to a similar phenotype. However, in 2002 and 2003, all USH1 proteins 
were shown to function in a protein network via interactions with the PDZ domains of the 
USH1c protein harmonin 
8,76
. After the discovery of the novel transcript of the USH2A gene 
encoding the large transmembrane protein USH2A isoform B (chapter 2), we identified a 
direct association between the intracellular C-terminal PDZ-binding motifs of the USH2  
proteins USH2A and GPR98, the NBC3 protein, and the first PDZ domain of harmonin 
(chapter 3), thereby connecting all known USH1 and USH2 proteins in a common protein 
network. Homology searches within the human genome identified whirlin, encoded by the 
DFNB31 gene, as a close homologue of harmonin. Mutations in this gene had already been 
identified in patients with non-syndromic autosomal recessive hearing loss 
47
.  We and others 
identified whirlin as the second organizer of the Usher protein network (chapter 4) 
2
. 
Subsequent analysis of the DFNB31 gene by Ebermann and coworkers 
18
 led to the 
identification of pathogenic mutations in an USH2 family, emphasizing the strength of 
identification of disease-associated protein networks as a tool for providing novel candidate 
genes for genetic disorders.  
Identification of novel interaction partners of the known Usher proteins (chapters 3, 4, 
5 and 6) greatly expanded the knowledge of the molecular mechanisms underlying the 
disorder. The association of MPP1 and whirlin points towards a role for the Usher protein 
complex in establishing apico-basal cell polarity (chapter 5). The integration of isoform B of 
the centrosomal ninein-like protein, Nlp
isoB
, in the Usher protein network (chapter 6) and its 
role in establishing planar cell polarity (chapter 7) might point towards a function of the 
Usher protein network in the non-canonical Wnt signalling pathway. The identification of 
novel interaction partners of the existing network with a known function by yeast two-hybrid 
screening and tandem affinity purification assays followed by the dissection of molecular 
pathways by using bioinformatics will provide more clues about its function. Therefore, 
expansion of the network is crucial for a better understanding of the pathogenic mechanism 
underlying Usher syndrome and related disorders. 
 
2. Biological relevance of the Usher protein complex 
The technological advances in proteomics led to a tremendous increase in the 
knowledge on protein interactions in the past few years. A major part of this thesis concerns 
the dissection of the Usher syndrome protein network, for which in vitro interaction assays 
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and interaction trap screens were exploited. However, protein-protein interactions identified 
in vitro do not necessarily reflect the biological relevance in vivo. A well-accepted indication 
for biological relevance of a binary interaction is when both proteins are dependent on each 
other for their localization. In this respect, the localization of Usher proteins has been 
extensively studied in the inner ear of mouse models for Usher genes. For example, in the 
sensory hair cells of Myo7a null-mice the normal localization of harmonin (at embryonic day 
17.5; E17.5) and protocadherin 15 (at postnatal day 5-10; P5-P10) is perturbed 
36,64
. In line 
with these findings, myosin VIIa localization is perturbed in harmonin null-mice and 
Pcdh15
av3J/av3J
 mice, indicating the biological relevance of their interaction.  
Nevertheless, there are also examples that indicate that localization of a protein is not 
singly dependent on the presence of one interaction partner. For instance, the localization of 
cadherin 23 and protocadherin 15 in the stereocilia of harmonin null-mice is not visibly 
altered as compared to their localization in wild-type littermates 
36
. Also, even though it has 
been shown that cadherin 23 and protocadherin 15 function together in hair bundle formation 
and maintenance 
82
, and in the formation of the stereocilia tip link filaments 
30
, the 
localization of cadherin 23 at the tips of the stereocilia is not altered in Pcdh15-deficient Ames 
waltzer
av3J
 mice 
64
.  
The finding that Nlp
isoB
, lebercilin and MKKS/BBS6 interact and co-localize at the 
centrosome and basal body (chapters 6 and 7) suggests that they act together in a functional 
module. Downregulation of Nlp in cultured cells however did not alter the centrosome- and 
basal body-associated localization of lebercilin and MKKS/BBS6 (chapters 6 and 7). In 
addition, the localization of Nlp
isoB
 in the murine photoreceptor cell basal body was shown to 
be independent of the presence of Mkks/Bbs6 (chapter 7). This could imply that some of 
these interactions are required for function at a specific subcellular site, but are not essential 
for localization. Alternatively, proteins can have a role in the localization of their interaction 
partner, but upon disruption of the interaction, this role could be played by another 
(homologous) protein. Whirlin, for instance, might fulfil certain functions of harmonin at the 
synapses of hair cells and photoreceptors (chapters 3 and 4) upon its depletion and ninein 
might (partly) compensate for the loss of its homologue Nlp 
9,12
, and vice-versa.  
Another important factor in studying the subcellular localization of proteins and their 
binding partners is timing. Many interactions are transient, and can only be detected at certain 
stages of cell division or during specific cellular processes. So far, we only studied a single 
developmental time-point of the Mkks/Bbs6
-/-
 mouse (P20), and for siRNA experiments in 
cultured cells we only studied the interphase stage. Therefore, we cannot completely rule out 
the possibility that the localization of Nlp
isoB
 does depend on Bbs6, or that Nlp
isoB
 and 
lebercilin do depend on each other’s presence for their subcellular localization during certain 
stages of development or cell division. The generation and characterization of a knockout 
animal model for Nlp could provide insights in the biological role of the Nlp
isoB
-lebercilin and 
Nlp
isoB
-Mkks/Bbs6 interactions. 
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A more informative way to determine the biological relevance of binary interactions is 
to examine whether both proteins function in the same cellular process or pathway. For 
example, double heterozygous Pcdh15
+/av3J
; Cdh23
+/v2J
 mice represent a similar splayed hair 
bundle phenotype as homozygous Pcdh15
av3J/av3J
 or Cdh23
v2J/v2J
 mutants, whereas 
heterozygous Pcdh15
+/av3J
 or Cdh23
+/v2J
 mutants do not display this phenotype at all 
82
. This 
indicates that Pcdh15 and Cdh23 function together in hair bundle formation. In line with this 
concept, we showed that Nlp and Mkks/Bbs6 interact genetically in zebrafish. Downregulation 
of either Nlp or Mkks/Bbs6 expression in zebrafish resulted in defects in gastrulation 
movements, indicating a role for both proteins in establishing planar cell polarity. 
Simultaneous downregulation of Nlp and Mkks/Bbs6 with subeffective doses of translation-
blocking morpholinos resulted in a severely enhanced phenotype, thereby stressing the 
biological relevance of their physical interaction (chapter 7).  
Finally, the disturbance of an interaction upon introduction of a pathogenic mutation 
indicates a role for this interaction in the molecular pathogenesis of the disorder involved 
(chapters 6 and 7). In addition, the effect of sequence variations identified in patients on a 
protein-protein interaction can support the pathogenic nature of a certain allele. For instance, 
due to the absence of a functional assay it was unclear whether the p.C499S substitution in 
MKKS/BBS6 was indeed a pathogenic mutation, leading to BBS 
32
. Evaluation of the binary 
interaction of Nlp
isoB
 and MKKS/BBS6 after the introduction of the p.C499S mutation 
revealed a significant increase in the strength of the interaction. This suggests that the 
MKKS/BBS6
C499S
 allele might be a disease-causing gain of function allele (chapter 7).  
In conclusion, for a number of interactions in the Usher protein network, a strong case 
has been built for their biological relevance whereas for others this relevance is not entirely 
clear. Future studies, which will be aimed at the subcellular localization of (isoforms of) 
proteins after disruption of their interaction partner in animal models, as well as the 
identification of genetic interactions between different members of the network in model 
organisms, could highlight a role of these proteins in common pathways or cellular processes, 
thus reiterating the relevance of the identified interactions. 
 
3. Dynamics of the Usher protein complex 
Protein-protein interactions are often transient, and as a consequence protein networks 
are highly dynamic. So far, little is known about the dynamics of the identified Usher protein 
complex. Also, the assessment of the expression patterns and subcellular localization of the 
different isoforms of the members of this protein complex has been rather limited. Insight into 
the distribution of (isoforms of) Usher proteins during development and the identification of 
regulatory elements influencing the protein-protein interactions in the network, for instance 
phosphorylation or calcium-binding, would lead to a better understanding of the dynamics of 
the Usher protein complex and thus its function. For this purpose, isoform-specific antibodies 
against the known Usher protein isoforms will be crucial to study their subcellular distribution 
in organs of available mouse models and wild-type mice during development.  
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We and others 
2,3,8,76
 identified a central role of harmonin and whirlin as key 
organizers of the Usher protein network (chapters 3 and 4; Figure 1). During inner ear 
development of mouse and rat, isoforms of both proteins show a different expression pattern. 
Whirlin is dynamically present at the tips of maturing stereocilia from P0 until P12, and it is 
still under debate whether whirlin persists at cochlear hair bundles throughout adulthood 
13,31
. 
In addition to the localization at the tips of the stereocilia, whirlin was also detected at their 
base from P1-P10. At P26, whirlin was seen in spiral ganglion cells and at the synapses of 
OHCs (chapter 4). Among the different classes of harmonin isoforms, harmonin class B 
proteins have been studied in most detail. They are detected along the entire length of 
stereocilia at E13-E16. From E16 onwards in the vestibular hair cells and at P0 in cochlear 
hair cells, class B isoforms become more concentrated at the tip region of maturing stereocilia 
8
. At P15, they are present at apical hair cell junctions with supporting cells 
3
, and after P30, 
harmonin class B is no longer detected in sensory hair cells. At P26, harmonin is present in 
the IHC lateral wall and at synapses of both IHCs and OHCs (chapter 3). From the different 
expression patterns of whirlin and harmonin we can conclude that both proteins organize 
protein complexes with different specific functions at differential time-points and positions 
during development.  
 Myosin VIIa, protocadherin 15, whirlin, Ush2a
isoB
, Gpr98 and vezatin are transiently 
present at the base of stereocilia from the late embryonic stages until P12 
13,23,49,64,81
. This 
period matches the presence of the ankle links in the hair bundle (approximately P0-P14; 
20
 
and references therein). After P14, ankle links are absent, and so are the molecules that are 
predicted to be involved in ankle link formation. Targeted disruption of Gpr98 leads to the 
absence of Ush2a
isoB
, whirlin and vezatin in the region of the ankle links (P6), and in wi hair 
cells, Gpr98 is accumulated at the very base of stereocilia, below the location of the ankle 
links. Both vezatin and Ush2a
isoB
 are no longer detected in wi hair bundles (P6). In P6 shaker-
1 hair cells, clumps of Gpr98, Ush2a
isoB
 and vezatin are observed beneath the apical hair cell 
surface, whereas protocadherin 15 is absent 
49,64
. These results indicate that, during the 
development of hair bundles, part of the Usher protein complex consisting of myosin VIIa, 
protocadherin 15, whirlin, Ush2a
isoB
, Gpr98 and vezatin is responsible for ankle link 
formation.  
 During hair bundle development tip links are formed, which persist during adulthood.  
The tip link is thought to operate as a gating spring for regulating the mechanotransduction 
channels 
54
. Recently, cadherin 23 and the CD3 isoform of protocadherin 15 were identified 
as components of these links 
4,30,67
. Both harmonin B (P0-P30) 
8
 and whirlin (P0-P40) 
13,31
 are 
present at the tips of stereocilia and could form a scaffold together with cadherin 23 and 
protocadherin 15 
3,8,66
 which would be essential for mechanotransduction. However, 
localization of cadherin 23
isoA
 and protocadherin 15
isoA/B
 in the harmonin null-mouse is 
unchanged and analysis of the wi mouse hair bundle revealed the presence of intact tip links. 
This indicates that harmonin and the known isoforms of whirlin are not crucial for the proper 
localization of the two cadherins 
36,50
. This is corroborated by the analysis of the hair bundles 
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of the Myo15a mutant mouse (Shaker-2). Whirlin is absent from the tips of Shaker-2 
stereocilia, however, tip links and mechanotransduction are still intact 
68
. Myosin VIIa is 
present along the length of stereocilia but is more concentrated at tips and bases of stereocilia. 
In shaker-1 mice, protocadherin 15 localization at the ankle link region is perturbed 
64
. The 
antibody used in this study does not recognize the protocadherin 15 tip link isoform and 
therefore it remains to be elucidated if myosin VIIa is involved in tip link formation. In 
conclusion, there are no indications that harmonin and whirlin are essential for the 
localization of cadherin 23 and protocadherin 15 at the tips of the stereocilia. Although there 
is evidence that myosin VIIa is involved in the transport of protocadherin 15, the role of this 
protein in tip link formation is still unclear.  
 From P15 onwards, a protein network consisting of Ush2a
isoB
, harmonin B, myosin 
VIIa, Sans and cadherin 23 appears at the pericuticular necklace 
2,3,23,35
. It is a microtubule- 
and vesicle-rich region at the apical part of hair cells between the cuticular plate and the 
circumferential belt of actin. The function of this network is still unkown. 
 Except for protocadherin 15 and cadherin 23, the presence of all known USH1 and 
USH2 proteins at hair cell synapses has been reported (chapter 3 and 4) 
3,19
. Also, Ush2a
isoB
, 
Gpr98 and whirlin are present in the spiral ganglion cells at P20 (chapter 4). So far, nothing 
is known about the spatiotemporal expression of these proteins and their isoforms at these 
locations during development.  
The presence and subcellular localization of the USH2A-interacting protein Nlp
isoB
 in 
the inner ear is still unknown. However, semi-quantitative expression analysis by RT-PCR 
revealed the presence of Nlp transcripts in fetal cochlea (chapter 6). When present, it could 
be located in the basal body of the kinocilium. In and around the kinocilium the presence of 
Ush2a, vezatin, protocadherin 15, Sans and different isoforms of cadherin 23 has been 
reported 
3,4,35,49
. Both whirlin and harmonin are absent from the kinocilium suggesting that 
another scaffold protein might connect these proteins. In this respect, the scaffold protein 
Sans is a good candidate. 
Very limited information is available on the distribution of different isoforms of Usher 
proteins and their expression during retinal development. All known USH1 and USH2 
proteins are present in the synapse of mature photoreceptor cells 
44,56-59,73
. It remains to be 
elucidated how these proteins are organized at this site and how the interactions are regulated. 
A subset of the Usher proteins can be seen at the outer limiting membrane, where Müller cells 
contact the photoreceptors (chapters 4 and 5) 
44,51,56
. At this location, whirlin probably 
connects to Ush2a, Gpr98, protocadherin 15, Sans and Mpp1.  
Except for harmonin, all USH1 and USH2 proteins are found in the region of the 
connecting cilium. This region consists of the connecting cilium itself, the periciliary region 
and the basal body complex. The periciliary region is a collar-like extension of the apical 
inner segment that wraps around the connecting cilium for its structural support. At the 
periciliary region, myosin VIIa, protocadherin 15, Ush2a, Gpr98, and Mpp1 are likely to be 
linked by whirlin (chapters 4 and 5) 
4,21,43,69,79
. It is suggested that, analogous to the ankle 
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links in hair cells, Ush2a and Gpr98 together form the links between the periciliary region and 
the connecting cilium. In the basal body, Nlp
isoB
 connects Ush2a, lebercilin and Bbs6 
(chapters 6 and 7) and also the scaffolding proteins whirlin and Sans are present 
44
. At this 
site, whirlin can interact with Ush2a, Sans, cadherin 23 and Mpp1 (chapters 4 and 5; Van 
Wijk et al., unpublished results) 
44
.  
Besides spatio-temporal dynamics, there is another type of dynamics in the Usher 
protein network since multiple Usher proteins interact with the first PDZ domain of whirlin or 
harmonin. Little is known about the regulation of these interactions. The distribution of the 
different isoforms of all mentioned proteins during development, and the relative strength of 
each interaction, will eventually determine the composition and spatio-temporal dynamics of 
the formed protein complex.  
 
4. Function of the Usher protein complex  
The Usher protein complex most likely has several structural functions and different 
roles in signalling.  
 
4.1 Stereocilia formation and elongation 
Stereocilia are actin-based protrusions, present on the apical surface of hair cells, that 
are organized into hair bundles in a staircase-like pattern. The mechanism by which this 
staircase pattern is formed is still unknown. However, the protein complex of whirlin and 
myosin XVa at the tips of the stereocilia has been shown to be crucial for the organized 
stereocilia elongation and actin polymerization 
31
, and it has been suggested that the MPP1-
whirlin interaction also plays a role in this process 
46
. These data suggest that, during hair cell 
development, part of the Usher protein complex plays an important role in stereocilia 
elongation which occurs at the tip. 
 
4.2 Fibrous links in the inner ear and retina 
The links between stereocilia have been proposed to play a pivotal role in the ordered 
development of the staircase pattern of stereocilia 
70
. The fibrous links are formed by the large 
transmembrane and cell-adhesion proteins of the Usher protein complex in a strict 
developmental pattern. Besides being components of these structural links, Usher proteins 
form the tip link filaments that are thought to gate the mechanotransduction channel 
30,67
. 
Analogous to the stereociliary and kinociliary links in the hair bundle are the fibrous links that 
provide the structural support between the membranes of the periciliary region and connecting 
cilium in photoreceptor cells. Also these are formed by Usher proteins 
44,48
. Whether the 
Usher proteins that form the fibrous links also function in signalling is unknown. 
 
4.3 Planar cell polarity 
The orientation of the hair bundles is determined by the position of the kinocilium, 
which is subject to the planar cell polarity (PCP) pathway. In USH1 mouse models the hair 
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bundles are misoriented due to a mispositioned kinocilium, which suggests that the USH1 
proteins are crucial for the proper positioning of the kinocilium and the subsequent orientation 
of the hair bundle 
36
. The Usher network might be connected to the PCP pathway via the 
direct association with Nlp
isoB 
(chapter 6), which has been shown to genetically interact with 
the PCP pathway in zebrafish (chapter 7). Also the indirect association of the Usher protein 
network with BBS6 (chapter 7) indicates a  putative link with the PCP pathway. 
Downregulation of genes involved in Bardet-Biedl syndrome (BBS) perturbs planar cell 
polarity in vertebrates, resulting in defective hair bundle orientation and other ailments 
62
. 
Localization of the kinocilium and subsequent orientation of the hair bundle is secondary to 
the asymmetric distribution of core PCP proteins at cell-cell junctions of the hair cells 
11
. 
Analysis of the distribution of these PCP proteins in USH1 mouse models did not show any 
differences in their asymmetric distribution compared to wild-type littermates, indicating that 
the USH1 proteins most probably act downstream of these PCP proteins. Studying the genetic 
interaction between Usher genes and genes of the PCP pathway in double heterozygous 
USH/PCP mutant mice might further elucidate the role of the known Usher proteins in 
establishing planar cell polarity.  
 
4.4 Vesicle docking and transport 
 Besides structurally supporting the connecting cilium, the photoreceptor periciliary 
region also functions in docking trans-Golgi derived cargo vesicles 
34,44
. These vesicles 
contain proteins that are essential for phototransduction and outer segment formation and 
renewal. It has been hypothesized that the Usher protein network plays a role in this docking 
process 
34,44
. The pericuticular necklace, a vesicle-rich region around the cuticular plate in 
inner ear hair cells 
17,23
, might be seen as the region corresponding to the photoreceptor 
periciliary region. Based on the presence of Usher proteins at this subcellular region, it is 
attractive to postulate that the members of the Usher network also play a role in vesicle 
docking at this region. Although tempting, no functional evidence is currently available for 
this proposed role of the complex in the inner ear.  
Before entering the connecting cilium, proteins and cargo vesicles are loaded onto the 
intraflagellar transport (IFT) machinery. At the basal body, the Usher protein complex is 
thought to play an important role in this process (chapter 6). Vesicles containing cargo for 
the outer segments are actively transported through the connecting cilium, in which the 
heterotrimeric kinesin-2 and myosin VIIa are thought to play an important role 
79,80
. Opsins, 
for instance, accumulate in the connecting cilium in the absence of myosin VIIa resulting in a 
retarded outer segment disk renewal 
42
. However in mice, the Usher protein network seems 
not to be essential for photoreceptor development, since there is no congenital retina 
phenotype in mouse models with defective Usher genes.  
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4.5 Synapse formation and synaptic transmission 
The presence of Usher proteins at the synapse of hair cells and photoreceptors is still 
subject to debate. We and others have shown the presence of all known USH1 and USH2 
proteins at this subcellular location by immunohistochemistry and immuno-
electronmicroscopy (chapters 3 and 4) 
44,56
, however, this is not consistent with data reported 
by other groups 
41,79
. We hypothesized that, at the synapse, the Usher proteins play a role in 
keeping the synaptic cleft in close proximity to the dendritic endings of the neurons. 
Neurotransmitter release via exocytosis is preceded by an influx of calcium. Binding of Ca
2+ 
in the extracellular Calx domains of GPR98 suggests a role for this protein in signalling 
and/or ion homeostasis. However, no defects in structure or function of the synapses have 
been reported in mice deficient for one of the Usher proteins 
63
. ERG measurements in mouse 
models with defects in Usher genes showed normal a- to b-wave ratios in their 
electroretinograms 
24,38,39,41,69
, which are indicative for a normal synaptic transmission from 
photoreceptors to second order neurons. Also in Usher syndrome patients, no synaptic 
dysfunction was observed like in patients with retinopathies specifically affecting the 
photoreceptor synapses 
28
. In zebrafish however, downregulation of Ush2a and Ush1c leads to 
mislocalization of the synaptic proteins GluR2/3 and SV2 in the retina 
53
, and downregulation 
of Pcdh15 leads to a decreased b-wave amplitude in ERG recordings 
78
. In conclusion, 
structural analysis of the photoreceptor and hair cell synapses of mouse models with 
mutations in Usher genes by electronmicroscopy and a more detailed localization study by 
immuno-electron microscopy will be needed to answer the question whether Usher proteins 
are indeed present and function at these subcellular structures. 
 
4.6 Apico-basal cell polarity 
The Crumbs protein complex at the outer limiting membrane regulates apico-basal cell 
polarity and maintenance of retinal patterning 
5,26,33
. Disruption of members of this complex 
present with retinal laminar disruption and severe visual disturbances 
5,26,27,33,75
. The 
interaction between proteins of the Usher protein complex and the Crumbs protein complex 
(chapter 5) is indicative for a link between the core developmental processes of actin 
polymerization and establishing or maintaining apico-basal cell polarity. However, analysis of 
the retinas of several Usher syndrome patients (USH1b, USH1f, USH2a and USH2c) did not 
show a retinopathy that resembled the dysplastic and thickened retina as is seen in patients 
with Leber congenital amaurosis (LCA), nor the specific vascular abnormalities observed as a 
complication in patients with RP12, both due to defects in the Crumbs1 gene, CRB1  
14,27,28
. 
This may indicate that a tight functional association of the Usher and Crumbs protein 
complexes is less likely. Nevertheless, as it remains unclear what exactly causes the 
heterogeneity of the phenotypes associated with CRB1 mutations, such (closely) associated 
functions cannot be ruled out. 
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5. Linking diseases: LCA, RP, USH, BBS, non-syndromic deafness 
The protein network analysis as described in this thesis shows that, besides proteins 
that are involved in the same disorder (chapters 3 and 4), also proteins that are mutated in 
phenotypically overlapping diseases can be directly or indirectly connected (chapters 5, 6 
and 7) and possibly function together in the same cellular processes or pathways (Figure 1).  
Usher syndrome is characterized by autosomal recessively inherited combined deaf-
blindness. Mutations in genes encoding the USH1 proteins harmonin, CDH23, PCDH15 and 
the USH2d protein whirlin can either lead to Usher syndrome or non-syndromic autosomal 
recessive hearing impairment (DFNB). When mutated, myosin VIIa can either be causative 
for USH1 or for both non-syndromic autosomal recessive and dominant hearing impairment 
(DFNA). Therefore it is not surprising that mutations in the whirlin-interacting protein 
myosin XVa have been identified in DFNB3 patients 
74
. Also, myosin VIIa, myosin XVa and 
harmonin have been shown to interact with filamentous actin (F-actin), which is built up from 
polymerized actin monomers (G-actin). Mutations in ACTG1, encoding the non-muscle 
cytoplasmic gamma 1 isoform of actin, were identified in DFNA20/26 patients 
40,60,72,83
.  
 
 
 
Figure 1. The Usher protein network. All identified protein-protein interactions are indicated. Red indicates 
association with Usher syndrome type I (USH1), green indicates association with Usher syndrome type II 
(USH2), blue color indicates association with isolated retinitis pigmentosa (RP), black indicates association with 
isolated deafness, orange indicates association with Bardet-Biedl syndrome (BBS), and yellow indicates 
association with Leber congenital amaurosis (LCA). The binding of cadherin 23 and protocadherin 15 to whirlin 
has been identified in a yeast two-hybrid assay (van Wijk et al., unpublished data). 
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Besides a cause of Usher syndrome, defects in the USH2A protein are the most 
frequent cause of non-syndromic autosomal recessive retinitis pigmentosa (arRP) 
61
. Whirlin, 
which directly interacts with USH2A (chapter 4), could be linked to another protein that is 
involved in non-syndromic retinal degeneration, Crumbs1 (CRB1), via interactions with the 
MAGUK proteins MPP1 and MPP5 (chapter 5) 
29
. Mutations in CRB1 can be causative for 
disease in patients with LCA and RP. 
BBS is a recessive disorder primarily characterized by obesity, polydactyly, 
nephropathy, learning disabilities, hypogonadism in males, retinal degeneration, and in some 
patients there is hearing impairment 
7,71
. LCA is a severe, heterogeneous disorder 
characterized by congenital blindness. BBS is a ciliopathy, meaning that primary cilium 
dysfunction underlies the outcome of the disease, and also a subset of proteins associated with 
LCA are involved in cilia formation or function 
15,22,37,65
. The connection of Usher syndrome 
to LCA and BBS via the centrosomal protein Nlp
isoB
 (chapters 6 and 7), and the subcellular 
localization of several Usher proteins at the photoreceptor basal body and connecting cilium 
(chapters 3, 4 and 5; 
34,57
) indicates that also Usher syndrome could be considered as a 
ciliopathy, as was previously suggested 
1
. 
The integration of (retinal) disease-associated proteins into a large protein network 
suggests that the pathogenic mechanisms underlying Usher syndrome, LCA, RP, BBS, and 
non-syndromic deafness show a significant overlap and that at least a subset of proteins 
involved in these disorders function in similar processes or pathways.  
 
6.     Involvement of the novel members of the protein network in  
    disease 
Genes encoding interaction partners of members of the Usher protein network can be 
considered as functional candidates for Usher syndrome or related disorders. The clinical 
spectrum of the disorder, however, is dependent on the spatiotemporal expression of the genes 
involved, the position of mutations in the encoded proteins, as well as functional redundancy 
in which homologues can compensate for the loss of a certain protein. Due to the broad 
expression pattern of most genes and corresponding proteins of the Usher protein network, it 
is difficult to predict the outcome of disease when these genes are mutated.  
Mutation analysis of the gene encoding whirlin, DFNB31, in a Dutch cohort of USH1 
and USH2 patients did not reveal pathogenic mutations. However in a German USH2 family, 
two compound heterozygous, truncating DFNB31 mutations were identified as the cause of 
the disease, designating DFNB31 as the gene mutated in USH2d 
18
.  
Analysis of the gene encoding the harmonin-interacting protein NBC3 in a Dutch 
cohort of USH patients identified two putatively pathogenic heterozygous missense mutations 
in USH2 patients, p.R318C and p.P896S, which were not present in 196 ethnically matched 
controls (Van Wijk et al., unpublished results). The absence of a mutation in the second allele 
indicates that either this mutation is present in the intronic sequences of the gene, or in 
regulatory sequences, or that part of the gene is deleted heterozygously. It might also be that 
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the p.R318C and p.P896S mutations should be considered as rare polymorphisms. Another 
possibility is that the identified NBC3 variations are pathogenic mutations in combination 
with a heterozygous mutation in a second gene (digenic inheritance) or act as modifier alleles 
together with two pathogenic mutations in another Usher gene. Due to the lack of a functional 
assay for testing the putative pathogenic effect of the identified variations, it remains unclear 
whether these alleles are causative mutations. 
Mutation analysis of the KIAA0980 gene, encoding Nlp
isoB
, revealed two heterozygous 
Nlp variants in USH2 patients (p.L12I in the first predicted EF hand domain and p.R451W 
after the third predicted EF hand domain) and one heterozygous variant in an arRP patient 
(p.L873V in the predicted IF domain), but no mutation in the second allele (Van Wijk et al., 
unpublished results). None of the three substitutions have been described in databases on 
human genome variation and they were not found in 96 ethnically matched control 
individuals. Also, the amino acids on position 12, 451 and 873 in Nlp
isoB
 are conserved 
between human, mouse, and zebrafish. The p.L12I and p.R451W variants co-segregate with 
the heterozygous p.E767fsX56 or p.C419F mutations in USH2A, respectively. Since USH2A 
and Nlp
isoB
 interact with each other, a model of digenic inheritance would not be surprising 
for a disease caused by mutations in these genes. However up to now, no conclusive evidence 
for the existence of digenic inheritance in Usher patients is available.  
So far, no pathogenic mutation in a second arRP gene has been identified in addition 
to the p.L873V substitution in Nlp
isoB
. Quantitative interaction assays between the 
intracellular region of USH2A
isoB
 and the Nlp
isoB
 p.L873V protein showed a significantly 
reduced binding, indicating the biological relevance of this Nlp variation.  
Altogether, the amino acid substitutions in NBC3 and Nlp might either be rare non-
pathogenic variants, or modifying variants which give rise to the phenotypic variability of the 
disease or true pathogenic mutations. The latter possibility assumes a model of digenic 
inheritance in combination with heterozygous mutations in USH2A or an unknown gene 
involved in RP. Further (functional) assays are needed to determine whether or not these 
alleles are disease causing. Also, large-scale mutation analyses by using new-generation 
sequencing techniques in large cohorts of patients will be needed to elucidate the presence of 
di- or oligogenic inheritance in Usher syndrome or related disorders or to reveal modifying 
traits of members of the protein complex in disease. 
 
7. Future prospects and directions 
With the studies described in this thesis, we provide a strong basis for further research 
towards understanding the pathobiological mechanisms underlying Usher syndrome. The 
connection of all known USH1 and USH2 proteins indicates that these proteins function 
together in common processes and pathways in the inner ear and retina. The identification of 
interaction partners for the Usher proteins from retinal cDNA libraries already pointed 
towards putative novel functions for the complex in transport and signalling. To extend our 
knowledge on the function of the Usher protein complex, a dual approach needs to be 
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followed. First, the function of the currently known individual members of the complex 
should be further explored. Downregulation of the genes encoding these proteins in cell 
systems, explants, and model organisms by RNAi or morpholinos is therefore crucial. 
Employing a versatile model organism such as zebrafish will facilitate the assessment of the 
in vivo function of the Usher proteins, and will be instrumental for the identification of 
putative genetic interactions with genes involved in known signalling pathways, like Wnt and 
Shh. In addition, the generation of true mouse knockout models for the central players of the 
network will provide novel insights in the function of these proteins and the Usher protein 
network. Nlp has been proven to be an important player in the network, thereby connecting 
several blinding disorders. The currently ongoing generation of an Nlp knockout mouse 
model, in collaboration with The Wellcome Trust Sanger Institute Hinxton (Cambridge, UK), 
will provide more information about the function of this protein and of the network in general. 
Second, the core Usher protein network needs to be expanded by identification of novel 
interaction partners. Methods such as yeast two-hybrid screens of retinal and cochlear cDNA 
libraries and tandem-affinity purifications in (ciliated) cultured cells followed by mass-
spectrometry analysis have proven to be robust and informative procedures for this purpose. 
Besides providing novel insights in the function of the present protein complex, these novel 
interactors are functional candidates for Usher syndrome and related disorders. The genes 
encoding these interaction partners therefore are interesting candidates to screen for mutations 
in patients who do not have mutations in any of the known Usher genes.  
Elucidation of the composition and understanding the function of the Usher protein 
complex is needed to reach the ultimate goal of therapeutic intervention. Implantation of a 
cochlear implant, an electrode that is implanted in the cochlea of patients and directly 
stimulates functional auditory nerves, in patients with Usher syndrome already greatly 
improved their ability of sound perception 
52. Attempts to generate “bionic” eyes are ongoing, 
and successful gene replacement attempts by Bainbridge and coworkers 
6
, Maguire and 
coworkers 
45
 and Cideciyan and coworkers 
10
 have been undertaken for RPE65, a gene 
mutated in early-onset RP and LCA patients. The development of targeted interventions for 
Usher syndrome patients, such as gene replacement techniques or suppression of nonsense 
mutations by aminoglycosides 
55
 or functionally similar compounds, such as PTC124 
16,25,77
, 
will eventually lift the research on Usher syndrome to the next level, almost 140 years after 
the initial description of the syndrome. 
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Summary 
 
Usher syndrome is the most common cause of combined deaf-blindness in man, 
affecting approximately 3-6 per 100,000 individuals. It is an autosomal recessive disorder that 
is both clinically and genetically heterogeneous. Three clinical types can be distinguished 
based on the age of onset, the severity, and the progression of the symptoms. Patients with 
Usher syndrome type I (USH1) present with profound hearing impairment, vestibular 
dysfunction and retinitis pigmentosa, which is diagnosed before puberty. So far, linkage 
analysis revealed seven loci for USH1 (USH1b-h), and positional cloning strategies identified 
five corresponding genes (MYO7A, USH1C, CDH23, PCDH15, and USH1G). Usher 
syndrome type II (USH2) is characterized by congenital, moderate to severe hearing 
impairment and retinitis pigmentosa, that is diagnosed after puberty. Three loci with their 
corresponding genes have been identified for USH2 (USH2a (USH2A), USH2c (GPR98), and 
USH2d (DFNB31)). In general, patients presenting with USH2 show intact vestibular 
responses. Usher syndrome type III (USH3) shows progressive hearing impairment, variable 
vestibular responses, and retinitis pigmentosa with a variable age of onset. Two USH3 loci 
and one corresponding gene have been identified by positional cloning strategies (USH3a 
(USH3A), and USH3b) (chapter 1). 
 Chapter 2 describes the identification of 51 novel exons at the 3’-end of the USH2A 
gene. The putative protein encoded by the longest open reading frame (USH2A
isoB
) harbours, 
in addition to the known functional domains of USH2A
isoA
, two laminin G and 28 fibronectin 
type III repeats and a transmembrane region followed by an intracellular region with a C-
terminal type I PDZ-binding motif (PBM). Previous mutation analysis of exons 1-21 of the 
USH2A gene in a panel of patients with deafness and retinitis pigmentosa revealed about 63% 
of the expected mutations. Sequence analysis of the 51 novel exons in twelve USH2 patients, 
in which only one pathogenic mutation was identified in the first 21 exons, revealed three 
novel truncating mutations and two missense mutations indicating that USH2A
isoB
 is essential 
for both hearing and vision in man. 
All known USH1 proteins were previously shown to be connected by the USH1c 
protein harmonin, mainly via PDZ domain - PBM based protein-protein interactions. The 
presence of a C-terminal type I-PBM in the USH2 (candidate) proteins USH2A
isoB
, GPR98b 
(USH2c), and NBC3 (USH2b-candidate), led to the investigation of the relationship between 
the USH2 molecules and the USH1 protein network. Protein interaction assays identified an 
association between the first PDZ domain of harmonin and the PBMs of USH2A, GPR98, and 
NBC3 (chapter 3). Immunohistochemistry revealed the presence of these proteins in the 
synaptic terminals of photoreceptors and hair cells. In addition, all proteins co-localize in the 
stereocilia of hair cells. The molecular integration of all known USH1 and USH2 proteins in a 
protein network can explain the common phenotype in patients with Usher syndrome.  
Mutations in the 3’-end of the DFNB31 gene that encodes the PDZ scaffold protein 
whirlin, which is a homologue of harmonin and plays a role in stereocilia elongation, were 
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shown to be causative for non-syndromic hearing loss in human and mouse. RNA in situ 
hybridization analyses identified the expression of Dfnb31 in the brain, kidney, inner ear, and 
retina during several stages of murine embryonic development. The DFNB31 gene had been 
reported to undergo extensive alternative splicing and the various, corresponding isoforms 
were shown to be widely expressed in bovine tissues. Protein-protein interaction studies 
revealed the direct association of the PBMs of the USH2 proteins, USH2A
isoB
 and GPR98b, 
and the PDZ1 and PDZ2 domains of whirlin, thereby integrating whirlin in the Usher protein 
interactome. The three proteins co-localize at the synaptic regions of both photoreceptor cells 
and outer hair cells in the cochlea, highlighting a possible role for this protein complex in 
organizing the pre- and/or postsynaptic side of photoreceptor and hair cell synapses. In 
addition, whirlin, Ush2a and Gpr98b co-localize in spiral ganglion neurons of the inner ear, 
and at the connecting cilium and the outer limiting membrane (OLM) of photoreceptor cells 
(chapter 4). These results indicate that whirlin plays an important role in hair cell and 
photoreceptor cell functioning. However, sequence analysis in a Dutch cohort of USH1 and 
USH2 patients did not reveal pathogenic mutations in the DFNB31 gene. 
At the OLM in the retina, the Crumbs protein complex regulates apico-basal cell 
polarity, which is crucial for retinal patterning. Chapter 5 describes the molecular link 
between the Usher and Crumbs protein complexes. Direct associations between the 
membrane-associated guanylate kinase (MAGUK) proteins MPP1 and MPP5, and MPP1 and 
whirlin were identified. These findings point towards a shared function of both protein 
complexes in the establishment or maintenance of apico-basal cell polarity in the retina, 
possibly via actin organization. Besides the co-localization of MPP1, MPP5 and whirlin at the 
OLM, we also found a co-localization of MPP1 and whirlin at the synapse, connecting cilium, 
basal body and accessory centriole of photoreceptor cells. 
In order to gain insight into the pathogenic mechanisms underlying retinal 
degeneration, yeast two-hybrid screens of human retinal cDNA libraries were performed with 
the intracellular region of USH2A
isoB
 and lebercilin, which is encoded by the LCA5 gene, to 
identify novel interaction partners of both proteins. In chapter 6 the identification of a novel 
isoform of the centrosomal ninein-like protein (Nlp
isoB
) as a common interaction partner of 
USH2A
isoB
 and lebercilin is described, which shows a molecular link of Usher syndrome and 
Leber congenital amaurosis (LCA). The three proteins co-localize at the basal body and 
accessory centriole of photoreceptor cells. At the centrosome of cultured cells, Nlp was 
previously shown to be involved in microtubule anchoring, nucleation, and outgrowth. During 
cytokinesis, Nlp and lebercilin were found to be present at the midbody. These data and the 
knowledge of previously identified binding partners of the proteins involved suggest 
overlapping pathogenic mechanisms for Usher syndrome and LCA, with involvement of 
defects in ciliogenesis, cilia maintenance, and intraflagellar and/or microtubule-based 
transport. 
In chapter 7, Nlp function has been further studied in ciliated cells and in zebrafish to 
gain insight into the function of the protein complex described in chapter 6. Downregulation 
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of Nlp in ciliated cells induced defects in ciliogenesis and downregulation of Nlp in zebrafish 
led to defects in convergence and extension during early development. Similar defects had 
been previously reported in zebrafish depleted with genes involved in Bardet-Biedl syndrome 
(BBS). It was shown that a defective planar cell polarity pathway, which is one aspect of the 
non-canonical Wnt signalling pathway, was the cause of the observed phenotype in Bbs 
morphants. Simultaneous downregulation in zebrafish of Nlp and each of the genes involved 
in BBS revealed a genetic interaction between Nlp and Bbs1-12. Also, a genetic interaction 
was identified between Nlp and the non-canonical Wnt11. In addition, a direct physical 
interaction was observed between Nlp
isoB
 and MKKS/BBS6. External Wnt signals are 
captured by cilia and translated towards the cell interior. As Nlp has been shown to be 
essential for ciliogenesis, aberrant cilia formation and/or maintenance might be the underlying 
defect in Nlp morphants. Usher syndrome, LCA and BBS are molecularly connected via 
Nlp
isoB
. Therefore, defects in establishing planar cell polarity might be (part of) the 
pathogenic mechanism underlying these disorders. 
The results described in this thesis show that all known USH1 and USH2 proteins are 
connected in a highly dynamic protein network, and that these proteins function together in 
processes and pathways in the inner ear and retina (chapter 8). The identification of 
interaction partners for the Usher proteins from retinal cDNA libraries already pointed 
towards putative novel functions of the complex in transport and signalling. Further studies on 
central players in the complex and its expansion will eventually lead to a better understanding 
of the pathobiology of Usher syndrome and related disorders. 
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Samenvatting 
 
Usher syndroom is de belangrijkste oorzaak van gecombineerde doof-blindheid, met 
een prevalentie van ongeveer 3-6 per 100.000 personen. Het is een zowel klinisch als 
genetisch heterogene aandoening met een autosomaal recessief overervingspatroon. Drie 
verschillende klinische typen kunnen onderscheiden worden op basis van de ernst en de 
progressie van de symptomen, alsmede de leeftijd waarop deze symptomen bij patiënten 
waargenomen worden. Patiënten met Usher syndroom type I (USH1) zijn vanaf hun geboorte 
volledig doof, vertonen vestibulaire problemen en ontwikkelen retinitis pigmentosa, die al 
voor de puberteit vastgesteld kan worden. Tot dusver zijn er middels koppelingsonderzoek 
zeven chromosomale loci geïdentificeerd voor USH1 (USH1B-H), waarvoor in vijf gevallen 
het oorzakelijke gen gekarakteriseerd is (MYO7A, USH1C, CDH23, PCDH15 en USH1G). 
Usher syndroom type II (USH2) wordt gekenmerkt door mild tot ernstig aangeboren 
gehoorverlies en retinitis pigmentosa, die pas na de puberteit kan worden vastgesteld. Voor 
USH2 zijn er drie verschillende loci met de corresponderende genen geïdentificeerd (USH2A 
(USH2A), USH2C (GPR98) en USH2D (DFNB31)). USH2 patiënten vertonen meestal intacte 
vestibulaire reflexen. Usher syndroom type III (USH3) wordt gekarakteriseerd door 
progressief gehoorverlies, aanwezige maar variabele vestibulaire reflexen en retinitis 
pigmentosa. Met behulp van koppelingsonderzoek zijn er twee USH3 loci en één bijbehorend 
gen geïdentificeerd (USH3A (USH3A) en USH3B) (hoofdstuk 1). 
Hoofdstuk 2 beschrijft de identificatie van 51 additionele exonen aan het 3’-uiteinde 
van het USH2A gen. Het voorspelde eiwit dat gecodeerd wordt door het langste leesraam 
(USH2A
isoB
) bevat, naast de bekende voorspelde domeinen in USH2A
isoA
, twee laminine G en 
28 fibronectine type III domeinen alsmede een transmembraan domein gevolgd door een 
intracellulaire regio met een type I PDZ -bindingsmotief (PBM) op de C-terminus. Mutatie 
analyse van exon 1-21 van het USH2A gen in een panel van patiënten met doofheid en 
retinitis pigmentosa leverde slechts 63% van de te verwachten mutaties op. Sequentie analyse 
van de resterende 51 nieuwe exonen in twaalf USH2 patienten met slechts een pathogene 
mutatie in de eerste 21 exonen, onthulde drie nieuwe truncerende mutaties en twee missense 
mutaties. Deze mutaties in USH2 patienten geven aan dat USH2A
isoB
 essentieel is voor 
normaal horen en zien. 
Alle bekende USH1 eiwitten kunnen aan het USH1C eiwit harmonine binden, 
voornamelijk door interacties tussen PDZ domeinen en PBM’s. De aanwezigheid van een 
voorspeld type I PBM op de C-termini van de (kandidaat) USH2 eiwitten USH2A
isoB
, 
GPR98b (USH2C) en NBC3 (kandidaat voor USH2B), was de aanleiding om de relatie tussen 
de USH2 eiwitten en het bestaande USH1 eiwit netwerk te onderzoeken. Door middel van 
eiwit-eiwit interactie studies is de associatie tussen het eerste PDZ domein van harmonine en 
de PBM’s van USH2AisoB, GPR98b en NBC3 aangetoond (hoofdstuk 3). Met behulp van 
immunohistochemische kleuringen is de aanwezigheid van deze eiwitten in de synapsen van 
zowel fotoreceptoren als haarcellen vastgesteld. Daarnaast lokaliseren al deze vier eiwitten in 
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de stereocilia van haarcellen. Deze integratie van alle bekende USH1 en USH2 eiwitten in een 
eiwit netwerk zou de verklaring kunnen zijn voor het algemene fenotype in patiënten met 
Usher syndroom.  
Het DFNB31 gen codeert voor het scaffold eiwit whirlin, dat PDZ domeinen bevat. 
Whirlin is een homoloog van harmonine en is betrokken bij de elongatie van stereocilia. 
Mutaties in het 3’-deel van dit gen veroorzaken niet-syndromaal gehoorverlies in zowel mens 
als muis. De expressie van Dfnb31 in de hersenen, de nieren, het binnenoor en de retina van 
de muis gedurende verschillende embryonale ontwikkelingstadia is aangetoond met behulp 
van RNA in situ hybridisatie. Voorafgaand onderzoek had laten zien dat het DFNB31 gen 
onderhevig is aan alternatieve splicing. De corresponderende isovormen van whirlin komen 
breed tot expressie in verschillende weefsels van de koe. Met behulp van verschillende eiwit-
eiwit interactie experimenten is de directe interactie vastgesteld tussen de PBM’s van de 
USH2 eiwitten (USH2A
isoB
 en GPR98b) en de PDZ1 en PDZ2 domeinen van whirlin, 
waardoor whirlin geïncorporeerd wordt in het Usher interactoom. De drie eiwitten co-
lokaliseren in de synapsen van zowel fotoreceptoren en haarcellen. Verondersteld wordt dat 
dit eiwit complex een rol zou kunnen spelen in de organisatie van de pre- en/of 
postsynaptische zijde van fotoreceptoren en haarcellen.. Daarnaast co-lokaliseren whirlin, 
Ush2a en Gpr98b in de neuronen van het spiraal ganglion in het binnenoor en in de regio van 
het connecting cilium en de outer limiting membrane (OLM) van de fotoreceptoren 
(hoofdstuk 4). Deze data veronderstellen een belangrijke rol voor whirlin in het functioneren 
van haarcellen en fotoreceptoren. Echter zijn er met behulp van sequentie analyse in een panel 
van Nederlandse USH1 en USH2 patiënten geen pathogene mutaties gevonden in het 
DFNB31 gen. 
Het Crumbs eiwit complex reguleert apico-basale cel polariteit in de retina. Deze 
polariteit zorgt voor het ordenen van celorganellen, het cytoskelet en andere moleculen in de 
cel die belangrijk zijn voor de structuur en functie van de cel. In hoofdstuk 5 wordt de 
moleculaire link beschreven tussen de Usher en Crumbs eiwit complexen. Er zijn directie 
interacties aangetoond tussen de membraan-geassocieerde guanylaat kinase (MAGUK) 
eiwitten MPP1 en MPP5 en tussen MPP1 en whirlin. Deze bevindingen duiden op een 
gekoppelde functie van beide eiwit complexen in de regulatie van apico-basale polariteit in de 
retina, mogelijk door middel van het organiseren van het actine cytoskelet. Daarnaast co-
lokaliseren MPP1 en whirlin ook nog in de synaps, het connecting cilium, de basal body en 
het tweede centriool van fotoreceptoren. 
Om inzicht te krijgen in de pathogene mechanismen die ten grondslag liggen aan 
retina degeneratie zijn er cDNA banken van humane netvliezen gescreend met behulp van het 
“yeast two-hybrid” systeem. Met deze techniek zijn interacterende eiwitten geïdentificeerd 
voor de intracellulaire regio van USH2A
isoB
 en het lebercilin eiwit, dat gecodeerd wordt door 
het LCA5 gen. In hoofdstuk 6 wordt de identificatie van een nieuwe isovorm van het 
centrosomale Ninein-like protein (Nlp
isoB
) beschreven, dat een interactie aangaat met zowel 
USH2A
isoB
 en lebercilin. Deze drie eiwitten co-lokaliseren in de basal body en het tweede 
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centriool van fotoreceptoren. Voorafgaand onderzoek heeft aangetoond dat Nlp een rol speelt 
in het verankeren, de nucleatie en de uitgroei van microtubuli. Tijdens de cytokinese zijn Nlp 
en lebercilin aanwezig in de midbody van de cel. Op basis van deze data en de kennis van de 
functie van bindingspartners van USH2A
isoB
, lebercilin en Nlp kan verondersteld worden dat 
er een overlap bestaat in het pathogene mechanisme dat ten grondslag ligt aan Usher 
syndroom en aan Leber congenital amaurosis (LCA). Deze ziektebeelden zouden mogelijk 
beide verklaard kunnen worden door defecten in ciliogenese, cilia behoud, intraflagellar 
transport en/of microtubule-geassocieerd transport. 
Om een beter inzicht te krijgen in de functie van het in hoofstuk 6 beschreven eiwit-
complex is de functie van Nlp bestudeerd zowel in gecilieerde cellen als in zebravis 
(hoofstuk 7). Het verlagen van de expressie van Nlp leidde tot defecten in de ciliogenese in 
cellen en tot gastrulatie defecten tijdens de zebravis embryogenese. De defecten in de zebravis 
vertonen een opmerkelijke gelijkenis met de defecten die zijn waargenomen na het verlagen 
van de expressie van genen die betrokken zijn bij Bardet-Biedl syndroom (BBS). Voor BBS 
is aangetoond dat dit fenotype de oorzaak is van defecten in de “planar cell polarity pathway”. 
Deze pathway is een onderdeel van de non-canonical Wnt signalling pathway. Door 
gelijktijdig de expressie van Nlp en een van de genen die betrokken zijn bij BBS te 
onderdrukken, is er een genetische interactie aangetoond tussen Nlp en Bbs1-12. Daarnaast is 
er een genetische interactie tussen Nlp en de non-canonical Wnt signalling pathway 
vastgesteld. Met behulp van verschillende technieken die gebruikt kunnen worden om eiwit-
eiwit interacties aan te tonen is een directe interactie tussen Nlp
isoB
 en MKKS/BBS6 
geïdentificeerd. Extracellulaire Wnt signalen worden opgevangen door cilia en vervolgens 
vertaald naar het intracellulaire deel van de cel. Nlp is essentieel voor ciliogenese en derhalve 
zou het fenotype in zebravissen met een verlaagde Nlp expressie mogelijk verklaard kunnen 
worden door defecten in de formatie en/of het behoud van cilia. Usher syndroom, LCA en 
BBS worden op moleculair niveau gekoppeld door de interactie van USH2A
isoB
, lebercilin en 
MKKS/BBS6 met Nlp
isoB
. Defecten in de planar cell polarity pathway zouden derhalve 
(gedeeltelijk) de oorzaak kunnen zijn van het ontstaan van deze ziektebeelden. 
De resultaten zoals die beschreven staan in dit proefschrift laten zien dat alle bekende 
USH1 en USH2 eiwitten gekoppeld zijn in een dynamisch eiwit netwerk en dat deze eiwitten 
samen functioneren in verschillende pathways en processen in het binnenoor en de retina 
(hoofdstuk 8). De identificatie van interacterende eiwitten van de bekende Usher eiwitten 
wijzen in de richting van potentiële nieuwe functies voor het complex in transport en 
signalling. Het bestuderen van de centrale spelers in het netwerk alsmede de expansie van dit 
netwerk zal uiteindelijk leiden tot een beter inzicht in de pathogene mechanismen die ten 
grondslag liggen aan het Usher syndroom en aanverwante ziektebeelden. 
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Het werk is gedaan, het proefschrift is af. Wetenschap bedrijven doe je echter niet alleen! Dit 
wordt zeer zeker duidelijk aan de hand van de vele co-auteurs die vermeld staan bij de 
verschillende hoofdstukken in dit proefschrift. Daarom wil ik dan ook graag een aantal 
mensen persoonlijk bedanken. 
 
Om te beginnen wil ik mijn beide promotoren, professor Cor Cremers en professor Frans 
Cremers, heel hartelijk danken voor het in mij gestelde vertrouwen, de wetenschappelijke 
input en snelle beoordeling van het manuscript.  
 
Ongelofelijk veel dank ben ik verschuldigd aan mijn beide co-promotoren, Hannie Kremer en 
Ronald Roepman, die elkaar op verschillende vlakken perfect aanvullen. Hannie, jij (samen 
met Frans) hebt mij in september 2001 naar Nijmegen gehaald. Onze samenwerking ging 
voortvarend van start en heeft sindsdien eigenlijk alleen maar “ups” gekend. Het hoogtepunt 
tot dusver was de identificatie van de 51 nieuwe exonen in het USH2A gen, hetgeen het 
uitgangspunt is geweest van dit proefschrift. Jouw kritische blik, betrokkenheid, prettige 
manier van coachen en bijna grenzeloos vertrouwen in mijn kunnen heeft van dit proefschrift 
iets gemaakt waar we beiden trots op mogen zijn! Ronald, jouw vooruitziende blik om 
ongeveer 10 jaar geleden al in te zetten op het gebied van “proteomics”, heeft ervoor gezorgd 
dat het onderzoek naar de functie van de nieuwe isovorm van USH2A in een 
stroomversnelling is geraakt. De verschillende assays (met name yeast two-hybrid interactie 
assays) die je samen met Stef in Nijmegen hebt geïntroduceerd, blijken een gouden greep te 
zijn geweest en hebben geresulteerd in een groot aantal hoogwaardige publicaties. Mede door 
jouw (vernieuwende!) inzichten op het eiwit-niveau is dit promotie-onderzoek een succes 
geworden. Het was een rijkdom om jullie beiden in mijn begeleidend team te hebben en ik 
hoop nog lang met jullie te mogen samenwerken! 
 
Ook wil ik mijn beide paranimfen Ferry Kersten en Heleen te Brinke hartelijk danken voor 
hun inbreng in dit project. Heleen, samen hebben we de eerste (spannende!) PCR’s ingezet 
die hebben geleid tot de identificatie van het nieuwe USH2A transcript. Het was voor mij een 
schok toen je mededeelde dat je naar Amsterdam ging vertrekken om daar je leventje op te 
gaan bouwen. Gelukkig kwam er een meer dan waardige opvolger ons team versterken. Ferry, 
we hebben samen een paar “heel aardige wetenschappelijke doorbraken” geforceerd die de 
basis hebben gevormd voor enkele hoofdstukken in dit proefschrift. Ik ben er trots op dat 
jullie beiden me op de grote dag zelf bij willen staan! 
 
Een bijzonder woord van dank wil ik uitspreken naar Theo Peters. Theo, samen hebben we de 
immunohistochemie een nieuw leven ingeblazen. Jouw positieve houding en enorme 
enthousiasme heeft de banden tussen het “moleculaire lab” en het “lab KNO” ontzettend 
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versterkt. Nooit heb ik tevergeefs een beroep op je gedaan, daarvoor mijn grote dank! Ik hoop 
in de toekomst nog veel en lang met je te mogen samenwerken. Ook een woord van dank naar 
Edith Tonnaer en Els Verbeek-Camps, voor het snijden van coupes in tijden van nood, en Jo 
Curfs die me de ruimte heeft gegeven om zo nu en wat tijd van Theo, Edith en Els te mogen 
vragen. Daarnaast wil ik Patrick Huygen, Ronald Pennings, Rutger Plantinga en Anne 
Bischoff bedanken voor de prettige samenwerking.  
 
Alle (oud-)collega’s van moleculaire genetica (P5) wil ik bedanken voor de gezellige tijd, 
stap-avondjes na de verschillende “Dagjes Uit”, kerstdiners en andere feestelijkheden. In het 
bijzonder wil ik alle collega’s van het “eiwit-lab” bedanken die bij hebben gedragen aan de 
totstandkoming van dit proefschrift: Stef, Sylvia, Dorus, Karlien en Heleen. Ik hoop overigens 
dat jullie de afgelopen jaren niet knettergek zijn geworden van mijn (niet altijd even zuivere) 
zangkunsten en gefluit…  
 
De studenten die ik gedurende mijn promotie heb mogen begeleiden (Kim Brandwijk, Judith 
Bergboer, Mariam Aslanyan en Carina Meijer), wil ik hartelijk bedanken voor hun inzet, 
enthousiasme en gezelligheid!  
 
I also would like to thank our (inter)national collaborators: the Wolfrum-workgroup 
(Johannes Gutenberg University, Mainz, Germany; especially Uwe Wolfrum, Tina Märker, 
Tina Sedmak and Kerstin Wolfrum-Nagel), the Katsanis-workgroup (Johns Hopkins 
University Medical Centre, Baltimore, USA; especially Nico Katsanis, Jantje Gerdes, Norann 
Zaghloul, Erica Davis, Jon Robinson, Carmen Leitch and Adrian Gherman), and Ellen van 
Rooijen (Hubrecht Laboratory, Utrecht). Thank you all for having me in your laboratory, your 
willingness in sharing knowledge, and the fruitful (longstanding) collaborations!  
 
Een speciaal woord van dank voor alle vrienden, familie en bekenden. Tijdens mijn promotie 
heb ik geprobeerd om een gezonde balans te vinden tussen werk en ontspanning: weekendjes 
weg met “de jongens”, koninginnedag (en -nacht!), carnaval en kermis, een heerlijk potje 
squash op woensdagavond. Allen bedankt voor jullie steun en begrip!  
 
Lieve Joop & Mien, Chantal, Bram & Lieve, bedankt voor jullie interesse in mijn onderzoek, 
gezellige etentjes en bezoekjes aan het NEC stadion. Ik prijs me gelukkig dat ik in zo’n 
warme familie ben terecht gekomen. 
 
Lieve pap & mam, Helmi & Marcel, jullie hebben mij de solide basis gegeven die me 
uiteindelijk heeft gebracht waar ik nu sta. Een beter thuisfront had ik me niet kunnen wensen. 
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Chapter 1 
 
Figure 8. Schematic representation of the archictecture of the Usher type I proteins and their different isoforms. 
(A) The Usher 1b protein, myosin 7a, is composed of a motor head domain, five calmodulin-binding IQ motifs, 
two FERM domains, two MyTH4 domains and a Src homology 3 (SH3) domain. (B) Three different classes of 
isoforms of the USH1c protein, harmonin, are identified. All three isoforms consist of two PDZ (PSD95, discs 
large, ZO-1) domains (PDZ1 and 2), and one coiled-coil (CC) domain. In addition, class A isoforms contain an 
additional PDZ domain (PDZ3). The class B isoforms contain also this third PDZ domain, a second coiled-coil  
domain, and a proline, serine, threonine-rich region (PST). Isoform A1 and B4 contain a C-terminal class I PDZ-
binding motif (PBM). (C) Representation of the three different isoforms of cadherin 23 (USH1d). Isoform A is 
composed of 27 Ca
2+
-binding extracellular cadherin domains (EC1-27), a transmembrane domain (TM) and a 
short intracellular region with a C-terminal class I PBM. Isoform B is similar to isoform A, but lacks the first 21 
EC domains. Isoform C only consists of the intracellular region and C-terminal PBM. (D) Like cadherin 23, the 
non-classical cadherin protocadherin 15 (USH1f) consists of either eleven (isoform A) or one (isoform B) EC 
domain(s), a transmembrane domain and a C-terminal class I PBM. (E) The scaffold protein SANS (USH1g) 
consists of three ankyrin domains (ANK), a central region (cent), a sterile alpha motif (SAM) and a C-terminal 
class I PBM. Adapted from Kremer et al., 2006 
88
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Figure 9. Schematic representation of the archictecture of the Usher type II and Usher type III proteins and their 
different isoforms. (A) Isoform A of the Usher 2A protein (USH2a) contains a thrombospondin/pentaxin/laminin 
G-like domain, a laminin N-terminal (LamNT) domain, ten laminin-type EGF-like (EGF Lam) and four 
fibronectin type III (FN3) domains. In addition to the domain structure of isoform A, isoform B contains two 
laminin G (LamG) domains, 28 FN3 domains, a transmembrane domain (TM) and an intracellular region with a 
C-terminal class I PBM. (B) Three isoforms of the G-protein coupled Receptor 98 kDa, GPR98 (USH2c), are 
identified. The longest isoform, isoform B, consists of a thrombospondin/pentaxin/laminin G-like domain, 35 
Ca
2+
-binding calcium exchanger β (Calx) domains, seven EAR/EPTP repeats, a seven-transmembrane region 
and an intracellular region containing a C-terminal class I PBM. Isoform A is composed of the last 6 C-terminal 
Calx domains, the seven-transmembrane region and the intracellular region with the C-terminal class I PBM. 
The predicted extracellular isoform C only contains the first 16 N-terminal Calx domains and the 
thrombospondin/pentaxin/laminin G-like domain. (C) Isoform A of whirlin, the USH2d protein, contains three 
PDZ domains and a proline-rich region (P). Isoform B lacks the two N-terminal PDZ domains. Both isoforms 
contain a C-terminal class II PBM. (D) Clarin-1, the USH3A protein, only contains four (isoform A) or two 
transmembrane (isoform C) domains. For isoform B, no domains are predicted. Adapted from Kremer et al., 
2006 
88
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Chapter 3 
 
 
 
Figure 3. Co-transfection of COS-1 cells with mRFP-harmonin (HdCC1) and the ECFP-tagged tail domains of 
USH2A, VLGR1 and NBC3. Co-transfections of constructs encoding mRFP-HdCC1 and (A) ECFP–USH2A 
complete tail (USH2A-139), (B) ECFP–USH2A tail w/o C-terminal PBM (USH2A-133), (C) ECFP–NBC3 
complete tail (NBC3-96) and (D) NBC3 w/o C-terminal PBM (NBC3-90) as well as (E) ECFP–VLGR1b 
complete tail (VLGR1-150), (F) VLGR1b w/o C-terminal PBM (VLGR1-144). In single transfected cells, 
USH2A and NBC3 tails were located in the nucleus (B and C), whereas the VLGR1b tail was mainly located in 
the cytoplasm (E). In single mRFP-harmonin transfected cells, harmonin was present in both the cytoplasm and 
the nucleus (B). In cells with both the complete tail of USH2A or NBC3 and mRFP-harmonin, the latter was 
recruited completely to the nucleus (A and C), whereas co-expression of the USH2A or NBC3 cytoplasmic tails 
lacking the PBM and mRFP-harmonin did not change the cellular distribution of harmonin (B and D). Co-
expression of the complete VLGR1b tail and mRFP-harmonin lead to the localization of harmonin in the 
cytoplasm (E). In the absence of VLGR1b’s PBM, harmonin was present in the cytoplasm and the nucleus (F). 
In conclusion, the co-transfection experiments indicate that the PBM of USH2A, NBC3 and VLGR1b is 
responsible for their interaction with harmonin. Scale bar: 15 μm. 
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Figure 4. Localization of harmonin, USH2A, VLGR1 and NBC3 in photoreceptor cells of the mouse retina. (A) 
Schematic representation of a vertebrate rod photoreceptor cell. Vertebrate photoreceptors are composed of a 
light-sensitive outer segment (OS) linked via the connecting cilium (CC) to an inner segment (IS), which 
contains the biosynthetic and metabolic machinery. Synaptic junctions between photoreceptor cells and bipolar 
and horizontal cells are located in the outer plexiform layer (OPL) of the retina. OS tips are enveloped by apical 
extensions of the cells of the retinal pigment epithelium (RPE). N, nucleus. Indirect immunofluorescence of 
antibodies against harmonin (B), USH2A (C), NBC3 (D) and VLGR1b (E) in parallel longitudinal cryosections 
through the photoreceptor part of the mouse retina. (B) Harmonin is localized in OSs and ISs and at 
photoreceptor synapses of the OPL 
29,30
. (C) In addition to that in the extracellular Bruch’s membrane (BM) 5, 
USH2A labeling was found in the OPL and the CC at the joint between the IS and OS of photoreceptor cells. (D) 
NBC3 localization in the OPL. (E) Anti-VLGR1b stained punctuated structures in the OPL and the CC 
localized. (F) CC localization was confirmed by double labeling with anti-centrin 
28
. USH2A, VLGR1b, NBC3 
and harmonin are localized in the OPL where the ribbon synapses of photoreceptor cells are localized, stained by 
the anti-synaptophysin (G). Scale bar: 5 μm. 
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Figure 5. Localization of harmonin, the USH2 proteins and NBC3 in rat cochlear hair cells. Schematic 
representation of the organ of (A) Corti and (B) a mechanosensitive outer hair cell (OHC). In the organ of Corti, 
three rows of OHCs and a single row of inner hair cells (IHC) are enclosed by various types of supporting cells. 
The apical part of hair cells carries numerous rigid microvilli, improperly named stereocilia (SC, arrows), where 
the mechanotransduction takes place. The project towards the tectorial membrane composed of extracellular 
matrix material. N, nucleus; Arrowheads point to synaptic junctions (S) between OHC/IHC and efferent and 
afferent neurons. (C–J) Indirect immunofluorescence of antibodies against harmonin (USH1c) (C and D), 
USH2A (E and F), NBC3 (G and H) and VLGR1b (USH2c) (I and J) in longitudinal cryosections through 
OHC/IHC of the adult (P26) rat cochlea. NBC3, harmonin, USH2A and VLGR1b were found in the hair cell 
stereocilia (large arrows) as well as at the synapses (arrowheads) of OHCs. The localization in the synaptic 
region of the OHCs was confirmed by triple labeling with the DNA marker DAPI, anti-harmonin and anti-
USH2A (D) as well as with DAPI, anti-USH2A (F), anti-NBC3 (H), anti-VLGR1b (J) and the synaptic marker 
of hair cells and efferent fibers anti-synapsin. In addition, anti-USH2A, anti-VLGR1b and anti-harmonin 
immunofluorescences were detected at the synapses of efferent and afferent fibers projecting to the IHC 
(arrowheads, right images in C, E and I). Synaptic labeling was confirmed by counter staining with anti-
synaptophysin (synaptic marker of hair cells and efferent fibers) and antibodies against the neurofilament protein 
NF-200 (marker for afferent fibers) (data not shown). Furthermore, a localization of harmonin and NBC3 was 
present at the lateral IHC cell membrane indicated by small arrows (right panel in C and E). The cell bodies of 
IHCs are indicated by asterisks. Scale bars: 5 μm. 
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Figure 1 supplementary. Characterization of the rabbit anti-USH2A antibody. 
(A) Western blot analysis of protein lysates of adult murine retina with affinity purified antibodies against 
USH2A. A single band was obtained at the estimated high molecular mass of USH2A (arrow) (-). The band was 
drastically reduced by preadsorption of anti-USH2A with the recombinant antigen (+). (B) Schematic 
representation of a vertebrate rod photoreceptor cell. Vertebrate photoreceptors are composed of a light-sensitive 
outer segment (OS) linked via a connecting cilium (CC) to an inner segment (IS), which contains the 
biosynthetic and metabolic machinery. Synaptic junctions between photoreceptor cells and bipolar and 
horizontal cells are located in the outer plexiform layer (OPL) of the retina. OS tips are enveloped by apical 
extensions of the cells of the retinal pigment epithelium (RPE). BM = Bruch’s membrane; N = nucleus.(C-E) 
Indirect immunofluorescence analysis of anti-USH2A on longitudinal cryosection through the adult mouse 
retina. (C) Differential interference contrast (DIC) image of D. (D) Indirect immunofluorescence analysis of 
anti-USH2A (see Fig. 4c). (E) Indirect immunofluorescence analysis of anti-USH2A preadsorbed with the 
recombinant USH2A antigen. Specific USH2A-immunofluorescence present in the BM, the connecting cilium 
and the synaptic region of photoreceptor cells was abolished after preadsorption. Scale bar: 5 µm. 
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Figure 2 supplementary. Characterization of the rabbit anti-VLGR1b antibodies. 
(A) Western blot analysis of protein lysates of adult murine retina with affinity purified antibodies against 
VLGR1b. A single band was obtained at the estimated high molecular mass of VLGR1b (arrow) (-). The band 
was completely abolished by preadsorption of anti-VLGR1b with the recombinant antigen (+). (B) Schematic 
representation of a vertebrate rod photoreceptor cell (description see Fig. 1 supplement).(C-E) Indirect 
immunofluorescence analysis of anti-VLGR1b on longitudinal cryosections through the adult mouse retina. (C) 
Differential interference contrast (DIC) image of D. (D) Indirect immunofluorescence analysis of anti-VLGR1b 
on a longitudinal cryosection through the adult mouse retina (see Fig. 4E). (E) Indirect immunofluorescence 
analysis of anti-VLGR1b preadsorbed with the recombinant VLGR1b antigen. Specific VLGR1b-
immunofluorescence present in the connecting cilium and the synaptic region of photoreceptor cells was 
abolished after preadsorption. Scale bar: 5 µm. 
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Figure 3. Whrn mRNA expression in embryonic and adult mouse. Localization of Whrn expression by RNA in 
situ hybridization on cryosections of mouse embryos of different developmental stages with a probe that 
recognizes all reported Whrn splice variants (Fig. 1A). In sagittal whole embryo cryosections, specific 
expression was found in the following structures (indicated by numbers and arrows): (A) E10.5: 1, neural 
epithelium with strongest staining in the ventral neural epithelium; 2, basal plate of the spinal cord; (B) E12.5: 
staining of the neuro-epithelium except the neo-cortex; 1, roof of the midbrain; 2, basal plate of the spinal cord; 
3, region of the optic recess; 4, striatum; 5, tongue: 6, lung; (C) E14.5: 1, roof of the midbrain; 2, choroid 
plexus of the fourth ventricle; 3, optic recess; 4, corpus striatum; 5, cortex of the kidney; 6, intervertebral 
cartilage. (D-G) embryonic development of the eye at E12.5 (D) in which Whrn expression begins in the inner 
neuroblastic layer of the retina, at E14.5 (E) and E16.5 (F) Whrn is expressed in the inner neuroblastic layer of 
the retina and at E18.5 (G) Whrn expression is limited to a subset of the ganglion cells. (H, I) Maintained 
expression of Whrn at postnatal day 7 (P7) (H) and p90 eye. Expression was seen in a subset of the ganglion 
cells (1) and is also detectable in the photoreceptor cells (2) at P7 (H) and P90 (I). (J-L) Coronal sections of the 
developing inner ear at E14.5 (J) with Whrn expression in the crista, a semicircular canal (1), the maculae of the 
utricle (2) and the saccule (3), and the vestibulocochlear ganglion (4). At E16.5 (K) and E18.5 (L), Whrn 
expression was maintained in the vestibular system. At E18.5 very weak expression was detected in the 
developing neurosensory epithelium of cochlea (not shown).  
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Figure 5. Whirlin co-localized with the cytoplasmic tails of USH2A and VLGR1b, but not with NBC3 upon 
overexpression in COS-1 cells. (A, E, I, M, Q) mRFP-whirlin (red signal) was localized in the cytoplasm, 
which was not affected by co-expression of USH2A (B-D) The eCFP-USH2A tail region (139 a.a., green 
signal) was localized in the cell nucleus when singly transfected (arrows in B and C), but when co-expressed 
with whirlin, both proteins were localized in the cytoplasm (yellow signal in overlays C and D). (F-H) The 
USH2A tail region without the PBM (133 a.a., green signal) was localized in the cell nucleus, also when co-
expressed with whirlin. (J-L) The eCFP-VLGR1b tail region (150 a.a., green signal) was localized both in the 
cell nucleus as well as in the cytoplasm when singly transfected (faint signal, arrows in J, K, and L), but when 
co-expressed with whirlin, both proteins were localized in the cytoplasm only (yellow signal in overlays K and 
L). (N-P) The VLGR1b tail region without the PBM (144 a.a., green signal) was localized in the cell nucleus 
and in the cytoplasm, also when co-expressed with whirlin. (R-T) The NBC3 tail region (96 a.a., green signal) 
was localized in the cell nucleus, also when co-expressed with whirlin. 
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Figure 6. Whirlin co-localizes with USH2A and VLGR1b in the retina. (A-G) Subcellular localization of 
whirlin in radial cryosections of adult (P20) rat retinae using anti-whirlin antibodies (red signal) and antibodies 
against specific markers of retinal cell layers (green signal). (A) Immunostaining of whirlin indicates localization 
at the connecting cilium (CC), the inner segments (IS), the outer limiting membrane and the outer plexiform 
layer (OPL). (B) Co-immunostaining of whirlin and synaptophysin, a marker of the synapses of the outer 
plexiform layer, showing co-localization at this specific layer (yellow signal). (C) Co-localization (yellow 
signal) of whirlin and β-catenin, a marker of the outer limiting membrane, the adherence junctions with the 
Müller-glial cells at the base of the inner segments. (D) Co-localization (yellow signal) in mouse retina of 
whirlin and centrin-1, a marker of the connecting cilia. E, F, and G show details of the subcellular localization of 
whirlin in, respectively, B, C and D. H, I, and J are respectively rat retinal sections immunostained with anti-
whirlin, anti-USH2A, and an overlay of H and I. (J) Co-localization (yellow signal) of USH2A and whirlin at 
the outer plexiform layer, the outer limiting membrane, the inner segments, and partly at the connecting cilium. 
K, L, and M are respectively rat retinal sections immunostained with anti-whirlin, anti-VLGR1b, and an overlay 
of K and L. (M) Co-localization (yellow signal) of USH2A and VLGR1b at the outer limiting membrane, and 
the connecting cilium, and more weakly at the outer plexiform layer and the inner segments. 
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Figure 7. Whirlin co-localizes with USH2A and VLGR1b in the inner ear of P20/P26 adult rats. (A-C) Whirlin 
co-localizes with synaptophysin in the synaptic region of OHCs. There, whirlin also co-localizes with USH2A 
and VLGR1b (D-G). In IHCs, whirlin could only be detected in the stereocilia. It does not localize at the 
synaptic region of IHCs, where VLGR1b and USH2A (data not shown) are present (H and I). Whirlin is also 
located in the stereocilia of both IHC and OHC at this age (A-I). In the spiral ganglia, whirlin co-localizes with 
both USH2A and VLGR1b at the cell bodies (J-L). The nerve fibers show immunostaining with anti-whirlin 
antibodies at the habenula perforata (M and N) and the cochlear nerve (M-O). m, middle turn of the cochlea; 
mb, mid-basal region of the cochlea.  
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Figure 1. MPP5 binds to MPP1 by a GUK/SH3 domain swap. (A) Schematic representation of the overall 
domain composition of MAGUK protein MPP5. Two L27 domains and the MAGUK module containing a PDZ, 
SH3 and GUK domain are present. A HOOK domain is found between the SH3 and GUK domain. Strands A 
and D flanking the SH3 domain and E and F flanking the GUK domain were identified according to homology 
with PSD-95. MPP5
SH3+HOOK
 was used as bait. The MPP5
HOOK-end
 construct is used in a yeast two-hybrid assay 
to determine the specificity of the interaction between MPP1 and MPP5. (B) Identical MPP1 preys were found 
and MPP1
E-end
, MPP1
SH3+HOOK
, MPP1
GUK
 and MPP1
FL 
constructs were made. (C) The MPP1
prey
 interacts with 
the MPP5
SH3+HOOK
, but MPP1
SH3+HOOK
 does not bind to MPP5
HOOK-end
. Full-length MPP1 proteins do not bind to 
each other, whereas selected parts of the MAGUK modules do. (D) GST-MPP1
E-end
 pulled down MPP5
SH3+HOOK
. 
Beads alone or GST did not interact with MPP5, while MPP1 did not bind the MBP tag in the control 
experiment, showing that this interaction is specific. (E) Homology modeling of the MAGUK modules of MPP1 
and MPP5. The interacting GUK and SH3 domains of MPP1 (red and yellow, respectively) and MPP5 (cyan and 
green) separate and form a heterodimer consisting of two mixed GUK/SH3 complexes. The domain linker 
regions in MPP1 and MPP5 (shown in blue) are both long enough to support this rearrangement. The proposed 
mechanism of the MPP1-GUK/MPP5-SH3 (red, green) interaction is shown as a close-up: Lys 351 and His 353 
in MPP5-SH3 interact with Asp 431 and Glu 272 in MPP1-GUK via a salt-bridge and a hydrogen bond, 
respectively. In addition, the GUK domain places Tyr 271 in the hydrophobic core of the SH3 domain, a strong 
but unspecific interaction found in all heterodimers. 
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Figure 2. MPP1 expression analysis by RNA in situ hybridisation on embryonic and adult mouse tissues. In 
sagittal whole embryo cryosections low levels of expression were seen throughout the embryo. (A) MPP1 
expression at E12.5 in 1. liver; 2. umbilical vein; 3. primitive gut; 4. neuroepithelium; and 5. upper jaw region. 
Scalebar is 300 m. (B) At E14.5, expression was maintained in 1. the liver; and 2. stomach. (C) Hybridisation 
with a MPP1 sense probe did not show tissue labeling. (D) At E16.5, the 1. zygomatic bone; 2. lower jawbone; 
3. trigeminal (V) ganglion; and 4. cochlea showed expression of MPP1. (E) A strong signal was also observed in 
1. femur; 2. liver; and 3. small intestine at this stage. Scalebar is 20 m. (F) In the eye, a slightly higher signal 
intensity compared to surrounding tissues was observed in the inner neuroblastic layer. (G) No staining was 
observed in the eye after sense probe hybridisation. (H) At E16.5 and (I) E18.5 expression was maintained in the 
neuroblastic layer and appeared in the developing photoreceptor layer. (J) At P7 and (K) P90, expression in 1. 
ganglion cells; 2.inner nuclear layer (INL) and 3. photoreceptor cell layer was seen. Scalebar is 20 m. 
  270 
 
 
Figure 3. MPP1 and MPP5 interact at the outer limiting membrane of the neural retina. (A) Staining of retinal 
cryosections using MPP1 rabbit serum (red) detected the protein at the  OPL, ONL, OLM, inner segments, RPE 
and at the connecting cilium region. (A2) Co-staining with an anti--catenin antibody (green signal), a marker 
for the OLM and OPL, confirmed the presence of MPP1 at these locations, as shown by the yellow signal in the 
overlay (A3). (B) Co-staining of MPP1 with an antibody against the connecting cilium marker acetylated 
tubulin. (C1) Anti-MPP5 only stained the OLM, and co-staining with anti-MPP1 (C2) indicates their co-
localization in the overlay (C3). (D) Immunoprecipitation with MPP5 antibody precipitates MPP5 (75 kD) as 
well as MPP1 (55 kD) from bovine retina (left panels, IP control is IgG). In the reverse experiment, MPP1 
antibody co-immunoprecipitates MPP5 from mouse retina (right panel). 
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Figure 4. Whirlin can bind to MPP1 by two different mechanisms. (A) Schematic representation of the long and 
short isoform of whirlin. The short isoform has an alternative starting sequence of 37 amino acids. Starting 
position is indicated relative to the  long isoform. Both isoforms contain a proline rich region (P) and the PDZ3 
domain. A construct that contains the PDZ3 domain of whirlin is used for further biochemical analysis. (B) 
Alignment of the nine C-terminal amino acids after the GUK domain of different MAGUK proteins. (C) 
Bacterially expressed GST-fusion proteins of MPP1
E-end
 and MPP1
GUK
 were used to determine the minimal 
binding domain required for interaction with the PDZ3 domain of HA-tagged whirlin. GST-MPP1
E-end
 did bind 
to whirlin
PDZ3
, whereas MPP1 containing only the GUK domain did not. Some background signal of GST-fusion 
proteins is detected in lane 2 and 3. (D) Homology modeling of the MPP1 C-terminus bound to the C-terminal 
whirlin PDZ3 domain (PDB 1UFX) indicates that the core motif of the interaction is the peptide's C-terminal 
carboxyl group tightly bound by three backbone NH groups, a common feature in PDZ-PBM interactions. 
However, this interaction is not possible in 1UFX (the whirlin PDZ structure) since one peptide plane is flipped 
and a C=O faces the carboxyl group. Therefore, it is predicted that Gly 857 in whirlin must undergo a 
conformational change to allow binding, which is represented in the figure. (E) The full length HA-tagged 
whirlin can bind to the GST-fused full-length MPP1 protein without the C-terminal 9 amino acid of MPP1 
(GST-MPP1
C9
). However, the interaction with MPP1
FL
, the full-length protein that contains the PDZ-binding 
motif is stronger (equal amounts of proteins were used). The C-terminal part of MPP1 (MPP1
E-end
) also binds 
strongly to full length whirlin, whereas the GUK domain of MPP1 (MPP1
GUK
) without the PDZ-binding motif 
still has reduced affinity. 
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Figure 5. MPP1 interacts with whirlin in photoreceptors. (A-B) Retinal cryosections were stained using 
polyclonal antibodies against whirlin (A1) and MPP1 (A2). The signals show a near-complete overlap in the 
overlay (A3). (B) The most prominent staining was found at the OPL, OLM and around the inner segments (IS). 
(C) Immunoprecipitation of whirlin using a polyclonal anti-whirlin antibody precipitated whirlin from mouse 
retinal lysates (top). MPP1 co-precipitated with anti-whirlin (bottom). As a control, protein A/G agarose beads 
without primary antibody were used. (D) Pre-embedding immunolabeling of the ciliary region of mouse 
photoreceptors by antibodies against whirlin shows a clear staining of the calycal processes (CP), the basal 
bodies (arrow heads) (D1 and D2) and of the connecting cilium (indicated by asterisks) (D2). Sections stained 
with anti-MPP1 show an identical signal in the basal bodies and the connecting cilium (E1 and E2), but not in 
the calycal process. Bars in D1 0.5 m; D2 0.25 m; E1 and E2 0.2 m. 
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Figure 5. Co-localization of Nlp and USH2A in the retina. (A-A’’) Co-immunostaining of USH2A and Nlp in 
radial cryosections of adult (P20) rat retina by using anti-Nlp antibodies (green signal; A) and anti-USH2A 
antibodies (red signal; A’) showing co-localization (yellow signal; A’’) in the inner segment (IS) and in the 
region of the connecting cilium (CC). (B) High magnification fluorescence microscopy analysis of double 
immunofluorescence with anti-Nlp (green) and anti-pan-centrin antibodies (red; marker for the ciliary apparatus: 
connecting cilium, centriole and basal body) in cryosections through the ciliary part of rat photoreceptor cells. 
Merged images indicate partial co-localization of Nlp with centrins in the centriole and basal body (yellow 
signal). Pre-embedding immunolabelings of the ciliary region of mouse photoreceptors by antibodies against Nlp 
(C) and USH2A
isoB
 (D) show a clear staining of the (apical part of) inner segment (IS), the centriole (indicated 
by an asterisk) and the basal body (BB). 
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Figure 6. Centrosomal localization of Nlp
isoB
, USH2A_tail and lebercilin in ARPE-19 cells. When expressed 
alone, mRFP–NlpisoB (red signal) was localized to the mother centriole of the centrosome (A), eCFP-
USH2A_tail (green signal) was localized to the nucleus and the centrosome (indicated by an arrow and in the 
inlay) (B), whereas eYFP-lebercilin (green signal) was localized at the centrosome and microtubule network of 
the cell (C). After co-expression of Nlp
isoB
 and USH2A both proteins were localized at the mother and daughter 
centriole of the centrosome, confirming the interaction between both proteins (D-D’’). Co-expression of NlpisoB 
and lebercilin showed co-localization of both proteins at the centrosome and non-centrosomal MTOC’s (yellow 
signal; E’’). Lebercilin in addition partly localized at the microtubule network (E-E’’). Nuclei were stained with 
DAPI (blue signal). 
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Figure 7. Localization of endogenously expressed Nlp and lebercilin in ARPE-19 cells by 
immunocytochemistry using the anti-Nlp and anti-lebercilin antibodies (green signals) and anti-acetylated 
tubulin antibodies as an axoneme and microtubule marker (red signal). Nlp (A) and lebercilin (B) were present at 
the basal body of primary cilia and both proteins were found at the midbody region of ARPE-19 cells during 
telophase (C and D). Nuclei were stained with DAPI (blue signal). 
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Figure 8. Mutations in lebercilin affect the interaction with Nlp
isoB
. A quantitative liquid beta-galactosidase 
assay shows an enhanced interaction of Nlp
isoB
 and lebercilin
Q279X
 as compared to wild-type lebercilin, and a 
reduced interaction of Nlp
isoB
 and lebercilin
P493TfsX1
 (A). When expressed alone in ARPE-19 cells, mRFP–
lebercilin wild-type (red signal) was localized to the basal body, the primary cilium and microtubule network of 
the cell (B), mRFP-lebercilin
P493TfsX1
 was localized to the microtubule network of the cell (C) and mRFP-
lebercilin
Q279X
 was localized to the basal body and primary cilium (D). Co-expression of Nlp
isoB
 and lebercilin 
showed co-localization of both proteins at the basal body (yellow signal; E’’, inset). In addition, lebercilin 
localized to the primary cilium and the microtubule network in the cell periphery (red signal; E’-E’’, inset). 
After co-expression of Nlp
isoB
 and lebercilin
P493TfsX1
 no co-localization of these proteins was observed (F-F’’, 
inset). Upon co-expression of Nlp
isoB
 and lebercilin
Q279X
, both proteins co-localize at the basal body (yellow 
signal; G’’, inset). The mutant lebercilin was not found in the primary cilium (G’-G’’, inset). Nuclei were 
stained with DAPI (blue signal). 
 
 
 
Supplementary figure S1. Specificity of anti-Nlp and anti-USH2A antibodies. Immunohistochemical 
stainings of rat retina (P20) with (pre-adsorped) anti-Nlp antibodies (A) and anti-USH2A antibodies (B). Upon 
pre-adsorption, no signals were detected. (C) Western blot analysis with anti-Nlp antibodies. Anti-Nlp 
antibodies detect GFP-tagged Nlp
isoA
 but not GFP-tagged ninein, indicating the specificity of the antibodies. 
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Supplementary figure S2. Silencing of Nlp and LCA5 does not lead to a disruption of lebercilin and Nlp 
localization, respectively. RT-PCR analysis (30 cycles) on cells silenced with non-targeting, LCA5, or Nlp 
siRNAs with primers against LCA5 (left panel), Nlp (middle panel) or actin (right panel) (A), indicating the 
efficiency and specificity of the knockdown. Nlp localization at the basal body (B) is independent of the 
presence of lebercilin (C).  In addition, mRFP-lebercilin localization at the microtubule network, the basal body 
and the cilium (D) is independent of the presence of Nlp (E). 
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Figure 1. Effects of Nlp siRNA on ciliogenesis. (A) Cilia formation in IMCD3 cells after transfection with non-
targetting siRNAs. (B,C) Upon depletion of Nlp, cilia length is significantly reduced as compared to controls 
(P<0.001). Nuclei were stained with DAPI (blue signal). Cilia and basal bodies were stained with GT-335 
antibodies (green signal). ‘n’ represents the number of cells of which the cilia were measured. 
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Figure 3. Nlp expression during zebrafish development. Localization of Nlp RNA by whole mount RNA in situ 
hybridization on zebrafish embryos of different developmental stages. Specific expression was found in the 
following structures as indicated by numbers and arrows: (A) 14 somite stage: 1, inner ear; 2, optic stalk; (B) 14 
somite stage: 3, midline; (C) 18 somite stage: 3, midline; 4, pronephric duct; (D) 18 somite stage: 2, eye; (E) 18 
somite stage: 1,  inner ear;  4, optic nerve (F) 1 dpf: 2, eye; 4, pronephric duct; 5, brain; (G) 2 dpf: 2, eye; 4, 
pronephric duct; 5, brain. (H) At 6 dpf, expression was observed in certain structures in the brain (5), the 
developing heart (6) and in the eye (2), more specifically in the photoreceptor cell layer (I; 2). som: somites; dpf: 
days post-fertilization. 
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Figure 4. The convergent extension phenotype of Nlp and Bbs1-12 morphants. (A) Representative examples of 
stage-matched wild-type and mildy affected (Class I) or severely affected (Class II) Nlp-morphants. Note the 
shortened body length, broadened and thinned somites and widened notochord as indicated by MyoD 
expression, and broadened fifth rhombomeres (Krox20) (B). (C) Co-injection of various amounts of capped Nlp 
mRNA with Nlp morpholino, rescued the phenotype, indicating the specificity of the morpholino. (D) Genetic 
interaction between Nlp and Bbs1-12. Co-injection of low dosage morpholinos against Nlp and Bbs1-12 resulted 
in significantly increased gastrulation defects as compared to single injections. 
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Figure 5. Genetic interaction of Nlp and Wnt11. (A) Convergent extension phenotype of Nlp translation-
blocking morpholinos on Wnt11/+ outcross background. Representative examples of uninjected controls and 
phenotypes produced after injection of Nlp morpholinos. (B) Dose-dependent quantitative representation of the 
effect of the Nlp morpholinos on Wnt11 background as compared to wild-type. 
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Figure 7. Centrosomal localization of Nlp
isoB
 and MKKS/BBS6 in ARPE-19 cells. When expressed alone, 
eCFP-MKKS/BBS6 (green signal) was localized to both centrioles of the centrosome (A), mRFP–NlpisoB (red 
signal) was mainly localized to one centriole, probably the mother centriole (B). After co-expression of Nlp
isoB
 
and MKKS/BBS6, both proteins were localized at (both centrioles of) the centrosome, confirming the 
interaction between both proteins (C-C’’). Nuclei were stained with DAPI (blue signal). 
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Figure 8. Co-localization of Nlp and BBS6 in the retina. (A-A’’) Co-immunostaining of MKKS/BBS6 and Nlp 
in radial cryosections of adult (P20) rat retina by using anti-MKKS/BBS6 antibodies (red signal; A) and anti-
Nlp antibodies (green signal; A’) showing  co-localization (yellow signal; A’’) in the inner segment (IS) and in 
the region of the connecting cilium (CC). (B-B’’) High magnification fluorescence microscopy analysis of 
double labeling with anti-MKKS/BBS6 (red signal; B) and anti-pan-centrin antibodies (marker for the 
connecting cilium, basal body and accessory centriole) (green signal; B’) in cryosections through the ciliary part 
of rat photoreceptor cells. Merged images indicate co-localization of MKKS/BBS6 and centrins in the centriole, 
basal body and connecting cilium (yellow signal; B’’). 
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Figure 1. The Usher protein network. All identified protein-protein interactions are indicated. Red indicates 
association with Usher syndrome type I (USH1), green indicates association with Usher syndrome type II 
(USH2), blue color indicates association with isolated retinitis pigmentosa (RP), black indicates association with 
isolated deafness, orange indicates association with Bardet-Biedl syndrome (BBS), and yellow indicates 
association with Leber congenital amaurosis (LCA). The binding of cadherin 23 and protocadherin 15 to whirlin 
has been identified in a yeast two-hybrid assay (van Wijk et al., unpublished data). 
 
